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FQRaJORD 

Thle report  describes the results of Space &vlronnaunt Simulator 
thermal performance tests of a prototype Apol lo  Extravehicular Mobility 
U t  (m). Tb6e t e s t e  were comprised of Bcperiments 114, 11-b and 11-c 
which are three of twelve space suit th-1 evaluation testa being performed 
by L!N AetroneUtlcrr for the NASA M6,nned Spacecraft Center under Contract 
NAS 9-3414. The t e a t s  ware performed I n  Januwy, 1965 at  the I3!V f a c i l i t y  
in Dallas, Texas in accordance w i t h  approved test plans fo r  the three experi- 
menta (LTV reports 00.529 and 00.551). 
Systems Test Branch I s  the technica lmni tor  fo r  this contract. 

&. J. C. Poradek of the HASA-MSC 

This report  is contained In two volumes. VOLUME I describes 
the three experimsnts and presents the reeul ts  and analyees of the results. 
VOLWE II contalne plots of temperature data measuremente made during the 
three experiments. 
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1.0 S U W Y  

:Cxpericients 11-a, 11-b and 11-c of IJILSA-XX Contract NAS 3-3414 
::ere perforliied t o  evaluate the perforwmce and thermal response of an Apollo 
Xxtravchicular I4obility Unit (space s u i t )  i n  space and lunar surface t5err:ial 
enviroments. These experiments subjected a prototype Apollo EIVRT conta in iw 
a therim1 ducmiy t o  low pressure and simulated extreme the rm1  environments Of 
space and the lunar surface. The principle objective of t h i s  se r ies  of t e s t s  
was t o  determine the design adequacy of the prototype s u i t  assernbly f o r  opera- 
t i on  i n  the environmental conditions encountered i n  space and on the lunar 
surface. The specif ic  t e s t  objectives were t o  determine: 

Sui t  temperatures and pressures as a function of time, heat 
load, and position. 

Net s u i t  heat gain or  loss as  a function of time, heat load 
and position. 

N e t  heat gain or loss  through the visor.  

Effects of s u i t  contact with spacecraft surfaces. 

Effect of s u i t  overpressure r e l i e f  valve release on the 
insulation by the thermal garment. 

Severity of possible thernial gament r ip s  or tears .  

Suit  gas leakage rates and overpressure r e l i e f  valve 
character is t ics .  

Thermal adequacy of s u i t .  

Simulation of the thermal and pressure environments during the 
t e s t s  included the following: 

Astronaut body temperatures. 

Deep space heat sink. 

Solar heat f lux.  

Radiation from the lunar surface. 

Hot and cold spacecraft surfaces. 

Vacuum. 

Portable Life Support System (PLSS ) . 
Astronaut body temperatures and sensible metabolic heat output 

were simulated by a fiberglass and copper a r t icu la ted  dummy. The s h e l l  type 
construction of the d m y  provides an outer layer of material which approxi- 
mates the conductance of human skin. A n  e lec t r i ca l  heater network covers 

1 



the  i n t e r i o r  of the dunmiy s h e l l  and the dummy surface temperatures are con- 
t r o l l e d  by regulating the power t o  the  heaters. 

The radiation heat sink of space was simulated by the  l i q u i d  
nitrogen shroud surrounding the t e s t  section of the SES. 
so la r  heat flux was provided by a bank of IGercury-Xenon lamps i n s t a l l e d  a t  
one surface of the  t e s t  chamber. R chamber pressure of less than 5 x 10-4 
mn Hg was maintainedthroughout the tests. Radiation from the  lunar surface 
w a s  approximated by a two-component simulator consisting of a v e r t i c a l  open 
cyl indrical  framework of 18 columns of infrared lamps act ing as l i n e  sources 
plus a horizontal black anodized aluminum pla te  heated by e l e c t r i c a l  heaters. 
Control of the lunar siixulation was acconlplished by controll ing the power t o  
the infrared lamps and the e l e c t r i c a l  heaters.  The sinulated spacecraft sur- 
face was a section of alurninuci s t r i c t u r e  which could be moved i n t o  cGntact 
with the  su i ted  d m y .  The t e q e r n t u r e  of the structu.re iias adjusted by 
controll ing power t o  e l e c t r i c a l  resistance heaters attexhed t o  the s t ruc ture .  

The simulated 

The Apollo Extravehicular Ilobili I ; j r  Unit (3.U) consists of a 
pressure garment assembly, an external t he rm1  garcient or coverall,  and a 
Portable Life Support System (PUS). 
t he  pressure s u i t  except f o r  t h e  visor.  
v i t h  a Dacron outerlayer and a nylon inner l i n i x .  
the ;3xJ m r e  monitored by thermocouples attached t o  the  dunmy, inside and 
outside of the pressure gnrmnt, and inside and outside of the ther?:al 
garuents. Visor and helmet ter?.peratures as ve l1  as s u i t  pxssu re  2nd f lo;r  
were a l s o  measured. 

The thermal garment completely covers 

Temperatures throughout 
It i s  constructed of superinsulation 

The results of t h i s  experiment show t h a t  the  s u i t  outer surface 
temperatures ranged fron -23WF t o  +25OOF a t  the cold and hot extremes of t he  
tes t  environment. 
experiments, and i t s  apparent absorptivity vas observed t o  increase.  Eoth 
the "ycllowiw" and change i n  absorptivity increzsed with exposure t o  the  
SES solar source end resul ted i n  higher surface temperatures. Tie t o t a l  s u i t  
heat lenlrage vcried from 137 Ej"u/'nr i n to  the s u i t  under nexiiu. environmental 
heat loads t o  135 BTU/hr out OP the s u i t  during a cold soak. "he correspond- 
ing visor heat leakages were approxirrately 40-50 i3TU/hr j n  and 540-60 W/hr 
out, respectively. The equivalent overall  conductance varied froa 0.0517 
BTU/ft2-hr-OF f o r  high heat '?oads t o  0.0131 BTU/ft*-h-* f o r  cold soak 
conditions. 

The thermal garment vas observed t o  "yellov" during these 

Contact with e i the r  a hot o r  cold spacecraft surface did not 
produce any "hot spots" o r  "cold spots" on the dummy. 
sure relief valve imposed more severe conditions on the  dwnmy and increased 
the heat leakage into the s u i t  from 137 t o  211 BTU/hr f o r  maximum flux con- 
di t ions.  
any increase i n  sound l eve l  i n  the helmet due t o  opening and closing of t he  
s u i t  overpressure r e l i e f  valve. 
sound l eve l  as a result  of relief valve operation. Tearing the outer ther-  
mal garment created localized "hot spots" on the  dummy. 

Opening the overpres- 

A nicrophone was in s t a l l ed  i n  the l e f t  helmet earpiece t o  detect  

The data did not show any increase i n  

2 



The noniinal suit liressure was 3.7 psia with an average pressure 
drop of 0.09 p s i .  
to approximately 5.6 psin m x i m i .  
to 45 SCC/min during these mperinents. 

During overpressurization the suit pressure was increased 
hit gas leakage varied from about 49 
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2.0 IT?TRODUI=TION 

Extravehicular operation i n  space o r  on the lunar surface recyires ' 

protection of the astronaut from h i s  environment. 
s u i t  provides protection fron the near vacuum of space as w e l l  as protection 
f ron  the extremes of the therm1 environments. 
v i t h  Contract I L G  9-3414, i s  engaged i n  a comprehensive un-imnnecl t es t  program 
t o  evaluate the performnce of space crew equipment i n  a simulated spzce en- 
vironnent. 
t he rm1  evaluation experiments conducted i n  the LTV Space'hvironment Simulator 
f o r  the  NASA &nned Spacecraft Center are presented i n  t h i s  report .  
three experiments subjected a prototype Apollo Bt rsvehicu lar  Mobility Unit 
(EMJ) containing a t h e m 1  d m y  t o  the  simulated low pressures and extrerLe 
temperature conditions of space and the lunar surface. 
were performed t o  evaluate the  thermal performance of the  s u i t  under simclated 
space and lunar surface conditions. 

An extravehicular space 

LTV Astronautics, i n  accordance 

I The expcrinentnl tes t  results fror? a series of three space s u i t  

These 

I 
These experiments 

4 



3.0 TEST PROGRAM 

3.1 TEST O&TECTIVES 

The primary objective of Experiments 118, I I b  and I I c  was t o  
determine the performance and thermal response of the Apollo Extravehicular 
Mobility Unit during simulated extravehicular operations in space and on the 
lunar surface. The specif ic  test obdectives were t o  experi-ectally determine 
the fo l la r ing :  

1. Sui t  temperatures and pressures as functions of 
time, e d o n m e n t  (space or  lunar surface), and 
s u i t  orientation. 

2. Sui t  n e t  heat gain or 1053 as a function of time, 
environment (space or  lunar surface) and s u i t  
orientation. 

3. Net heat gain or l o s s  through the s u i t  v isor .  

4, Effects of contact with spacecraft surfaces. 

5. 3ffec t  of su i t  overpressure r e l i e f  valve 
operat ion. 

6. Effect of inter layer  tears.  

7. Sui t  gas leakage rate and overpressure r e l i e f  
valve character is t ics  . 

8. Thermal adequacy of su i t .  

3.2 DESCRIi'l'ION OF TEST ARTICLE 

The Apollo Fztravehicular Mobility Unit consis ts  basical ly  of a 
pressure garment assembly, an external thermal garment or coverall  and a 
portable life support system. The pressure garment assembly has a lightweight 
inne r  l in ing  or comfort layer and an  aluminized outer cover. 
convoluted jo in t s  of s ingle  member construction are located a t  the shoulders, 
elbows and thighs. 
assembly and is made in two pieces: 
mit5ens and trousers w i t h  integral  thermal boots. 
constructed of superinsulation with a white Dacron outer cover and a nylon 
inner lining. 
assembly and portable life support system except for  an opening a t  the helmet 
visor . 

Flexible, 

The thermal garment is  donned mer the pressure garment 
a parka with in tegra l  hood and thermal 

The thermal garment is 

The thermal garment completely covers the pressure garment 

During these experiments the thermal dunmy descrlbed in  Section 

The dummy wore a conventional underwear garment t o  which thermo- 
3.3.2.1 was ins ta l led  inside the pressure garment assembly t o  simulate manned 
occupancy. 
couples were attached as outlined i n  Section 3.4.1. To simulate the e f f e c t s  of 



ins ta l la t ion  and operation of the portable l i f e  support system on suit thermal 
performance, a P U S  she l l ,  i n  which a one Mlawatt electrical heater was 
instal led,  was attached t o  the back of the  suit. 

3.3 TEST EQUSFNEXT 

3.3.1 TEST FACILITY 

Experiments IIa, IIb and IIc  were conducted i n  the  LTV Space 
Environment Simulator (SES) shown In  Figure 1. The SES test  chamber is a 
horizontal cylinder with a clear working space ten  feet i n  diameter by t en  
feet long. The SES provides simulated solar radiat ion and the vacuum and 

- 
cold conditions of deep space. 
simulated by the specially designed and constructed equipnent described i n  
Section 3.3.2. 

Lunar surface and other conditions are 

SES vacuum capabi l i ty  is provided by three 32-inch diffusion pumps 
backed by a diffusion ejector  pump and a mechanical pump. T h e  cold trap for 
the diffusion pumps is cooled by l iquid nitrogen and a l s o  serves as a section 
of the  crywall. Figures 2 through 5 shuw chamber pressure versus time for  
each experiment. 
valve, the  chamber pressure was maintained a t  a maxirmm! of 5 x 1 0 4  mm Hg. by 
l imit ing the  suit overpressure and resul tant  relief va ve flaw. With the 

During overpressurization of the s u i t  and release of the relief 

relief closed, a chamber pressure of less than 4 x 10- 3 mm Hg was maintained. 

T h e  heat sink conditions of space are simulated by a l iquid 
nitrogen cooled, ml t i f inned  aluminum shroud covering the en t i r e  inner surface 
of the chamber except fo r  the solar  simulation entrance ports and viewing 
ports. The t o t a l  uncooled wall area represented by these ports is less than 
5% of the t o t a l  shroud area. 
Minnesota Mining and Manufacturing Company series l O l C - 1 0  Black Velvet paint 
which has an absorptivity of approximately 0.98 i n  the solar spectrum. 

T h e  inner surface of the  shroud is  finished with 

Simulated solar radiat ion i s  supplied by twenty 2500 w a t t  Mercury- 
Xenon high pressure DC a r c  lamps mounted outside t h e  chamber and focused 
through quartz ports such that the mean f lux  aver a six-foot plane near the  
center of the chamber is nearly uniform. 
controllable over the range frm 285 t o  us, BTU/hr. f t2 .  Power is supplied 
t o  the solar simulator lamps by a regulated power supply capable of l i i i t i n g  
power f luctuat ions t o  2 1% of the operating level. 

The flux a t  the test plane is 

The spectral  dis t r ibut ion of flux from the SES solar  simulator 
lamps 5s typical of Mercury-Xenon arc lamps. 
lamps as Instal led has been measured and the  results are reported i n  Reference 1. 
Table I is a tabulation of the  spectral measurements obtained. Ths method 
used during the tests described i n  this report  t o  compensate for  the differences 
in the  SES solar  simulator spectrum and tha t  o f t h e  sun i s  discussed i n  Section 
3.6.1. The measured flux distributior.  a t  the tes t  plane i n  the SES is s h m  
i n  Figure 6 . These measurements were obtained i n  a vacuum wi th  a c e r t i f i e d  
thermopile (Eppley Serial No. 5380) and a special cal ibrat ion fixture f o r  
continuous horizontal scanning of the test plane a t  various locations along the 
vertica 1 cent erl ine.  

The spectral dis t r ibut ion of t h e  

6 
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TABLE I 

SPECTRAL ENEEGY DISTRIBUTION OF 2.5 KVA MERCURY-XENON 
mOVIA) SOURCES AS INSTALLED IN THE LTV-SOLAR 
S W T O R  

9, Wave length Energy i n  Ban 
Band, Millimicrons Milliwatts/cm 

. I  -- 
.260 
260 -270 
270 -280 
280-290 
290 -300 

320-330 
330-340 
340-350 
350 -360 
360-370 
370 -380 
380-390 
390-400 

300-310 
310-320 

400-41~ 
4 10420 
420-430 
4 30 440  
440450  

460470 
4 70 430 
480490 

500 310 
5 10-520 
520-530 

4 50469 

490 -500 

5 30 5 4 0  
5 40-550 
550-560 

(0.5) 
1 .o 
1.5 
1.7 
2.0 
2.5 
2.6 
0.4 
1.2 
0.2 
0.4 
3 *6 
3.5 
0 .3 
0.2 
1.7 
0.2 
0.3 
3 .4 
0.2 
0.2 
0.1 
0.1 
0.1 
0.2 
0.1 
0.1 
0.1 
0.2 
2.5 

0.3 

Wavelength Energy i n  Band 
Band, Millimicrons Milliwatts/cm 

560 - 570 
570-580 
580-590 
590-600 
600-610 
610-620 
620430 
630-640 
640-650 
650-660 
660 -670 
670 -680 
680-690 
69-700 
700-750 
7 50 -800 
800 -850 
850 -900 
900 -950 
950-1000 
1000-1100 
11Oo-l200 
1200-1300 
1300-14oO 
1400-1500 
1500-1600 

1700-1800 
180o-lgOo 
190 -2000 

1600 - 17'00 

0.2 
2.7 
2.2 
0.2 
0.1 
0 .6 
0.1 
0.1 
0.1 
0.1 
0.1 
1.1 
0.4 
0.1 
0.5 
0.4 
0 .7 
1.0 
0 .9 
1.0 
2 .o 
1.8 
0 e9 
1.9 
0.4 
0.5 
0.5 
0 -5  
0 e 2  

0.1 

~ 

T o t a l  49.8 k 1 
W (380 mp and below) 18.1 36 

VIS (380-750 W) ~ 8 . 9  38 

NIR (above 750 mp) 12.8 26 

Source: Measurements by D r .  A. J. Drummond, Eppley Laboratories, Newport, 
Rhode Island I 
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3.3.2.1 Thermal Dumrny 

The space suit used i n  these expe rhen t s  was worn over a thermal 
dummy shown i n  Figures 7 and 8. The dunlly was  ins ta l led  inside the  pressure 
garment assembly t o  simulate astronaut skin temperatures, sensible metabolic 
heat acd t o  force duplication of s u i t  i n t e r m 1  flow patterns. 

The thermal dummy was manufactured aby the S ier ra  Engineering 
Conpany of Sierra  Madre, California. 
s h e l l  with heater elements as follows: 
f iberglass  (approximately 50% polyester) approximately 0.110 inches thick; 
( 2 )  a layer  of copper approximately O.0312 iiiches thick and ( 3 )  an inner layer  
of polyestpr and f iberglass  approximately 0.050 inches thick. The dummy i s  
constructed such that the conductance f t he  s h e l l  approximates the  average 

percentile man with a height of 67 inches. To ta l  dummy weight i s  approximately 
57 lbs. Each body segment has an individual e l e c t r i c a l  res is tance heater such 
that power can be supplied and controlled individually t o  each of the segments. 
The individual segrr1er.t weights and the  dummy heat capacity are preser,ted i n  
AppeRdix A .  

The dummy is constructed as a laminated 
(1) an outer layer of polyester and 

conductance of humn skin ( 7  BTo/hr f t  3 O F ) .  The dummy conforms t o  a 15th 

3.3.2.2 Spacecraft Surface Simulator 

The curved surface sham a t  the r igh t  of Figure 9 was used i n  
the  evaluatiorL cf the e f f ec t s  of d i r ec t  co?tact between tke extravehicular 
mobility uiit arid c? spacecraft surface. 
Gemini spacecraft adapter sec%ion and car! be actuated t o  move against  the 
s u i t  (Figure 10) o r  be retracted from it. The temperature of the  simulated space- 
c r a f t  surface i s  cmtrollccL by s u p p l y i w  e l e c t r i c a l  energy t o  attached e l e c t r i c a l  
resistznce henters or by Llloirin=; t'ne surface t o  cool  by radiat ion t o  the SES 
c rymal l s  . 
pneumatic ac t ta tor  shown on Pigure 11. 
is determined by t h e  amount of compression i n  a special ly  designed spring i n  
tke actuating mechanism. Prior t o  t h e  begirding of tes t ing  the force required 
i s  preset i n t o  t h e  actuating mechanism by bringing the spacecraft surface i n  
contact with t h e  s u i t  apd adjust ing the  amount of t ravel .  The meckanism was 
adjusted pr ior  t o  Fxperirnent II-a suck t h a t  the  force exerted against  the suit 
by the s h u l a t o r  was approximately f i f t een  pounds. 

The surface has the curvatwe of the  

Novement of the spacecraft surface simulator is  provided by the 
The force exerted against  the s u i t  

3.2.2.3 Lunar Surface S b x l a t o r s  

Lunar surface temperatures and fluxes were simulated by a two- 
component sirnulator shown on Figures 12 and 13 . 
the  feet of the  su i t  simulated the  temperature and fluxes emitted near %he 
sui t .  
upper parts of t h e  su i t .  

A horizontal  surface under 

An open-frame bank of tungster. filament lamps provided fluxes on the 

16 



FIGURE 7 THERMAL DUMMY 
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FIGURE 8 THERMAL DUMMY PARTIALLY DISASSEMBLED SHOWll 
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The ver t ica l  simulator is  an open framework of tungsten filament 

The array was positioned t o  encircle  t h e  s u i t  and provide 
lamps arranged i n  a cylinder six feet i n  diameter and six feet high, 
(Figure 12 ). 
most of the  simulated lunar surface radiat ion on the  suit. 
l i n e  sources while allowing the  s u i t  t o  view essent ia l ly  a l l  of the cryowall. 
The f lux  from the simulator was measured i n  vacuum using a hemispherical-view 
thermopile . 

The lamps a c t  as 

The horizontal lunar simulator consists of a black anodized 
aluminum plate  attached t o  the tes t  bed beneath the EMU (Figure 
heaters are attached t o  the underside of t he  plate  and were used t o  raise the 
plate  temperature t o  approximtely 2 5 0 9  when required t o  simulate hot lunar 
surface conditions. 
p la te  t o  cool it t o  approximately -2509 f o r  cold lunar surface simulation. 

13). Elec t r ica l  

A l iquid nitrogen c o i l  is  attached t o  the  back of t h e  

Analyses of both simulators are presented i n  Appendix B. Lunar 
simulator variances fran t r u e  lunar surface conditions are discussed i n  
Section 3.6.2. 

3.3.2.4 Solar Shutter 

Simulation of such conditions as ingress or egress from a lunar 
cave required rapid "on-offl' act ion of t h e  solar  flux. A solar  shut ter  was 
employed t o  meet these requirements. The shut ter  is located outside the  
chamber and is constructed of ver t ica l ,  water cooled aluminum s t r i p s  which 
are attached t o  a frame that can be moved horizontally t o  e i ther  block or 
admit so la r  simulation t o  the  entrance ports. 

3.3.2.5 Suit  Tear Actuator 

An actuator was devised t o  remove tape frurn the s u i t  and expose 
The tear actuator is  shown 

Two cables are attached t o  the  

tears i n  the insulation during Experiment 114. 
schematically i n  Figure 14 
located beneath the horizontal lunar simulator. 
windlass and extended through two holes i n  the horizon$al simulator plate  t o  
where they a t tach  t o  the  tape covering the tears i n  the  thermal garment. 
Two tears were made: a vertical tear on the  upper r igh t  l e g  and an inverted 
Vir tear on the upper l e f t  leg. 
Section b.2.6. 
Company fiberglass tape No. 361-3NCS during tes t  point No. 1 of Experiment I I c .  
The tape w a s  removed by energizing the  low rpm e l e c t r i c  motor causing the  
cables t o  wind up on the windlass, thus ripping off the  tape. 

3.3.2.6 Sui t  Rotation 

and consis ts  of an electric motor driven windlass 

Details of the  tear geometry are given i n  
The tears w e r e  sealed with Minnesota Mining and Manufacturing 

Sui t  rotatior! was provided by the  gear and rack dr ive mechanism 
shown i n  Figure 15  . 
head beam fastened t o t h e  top of the chamber as sham i n  Figure 
could be rotated through an angle of appiroximately~1900F. The simulated 
spacecraft surface was supported by t h e  test  bed frame s h m  i n  Figure 16 
which fastened t o  rails i n  the  bottom of the  chamber. 

The drive mechanism and EMU were supported by an  over- 
9 . The s u i t  
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3.3.2.7 Sui t  Gas Supply System 

The closed loop s u i t  gas supply system is s h m  schematically i n  
Figure 17 . 
used for Experiment IIc. 

Oxygen was used fo r  Experiments IIa and IIb and nitrogen was 

Purging of the system was accomplished during pumpdawn as follows: 

1. Valves 1, 3, 5, 7, 8 ,  9, 10 and 11 are closed. 
Valves 2, 4, and 6 a r e  open (see Figwe 17). 

2. Valve 5 is  regulated during pumpdown t o  maintain 
a s u i t  t o  chamber pressure d i f fe ren t ia l  of 3.7 psig. 

3. Regulator A is set a t  5 psig. 

4. After the SES chamber pressure has decreased t o  
10 mm Hg or less, valve 5 is  closed, valve 8 is 
opened, the vacuum pump is started and the suit 
pressure is regulated with valve 9. 

The system is allowed t o  purge fo r  two hours. 5. 
During conduct of an experiment the  following procedures were 

employed t o  maintain the  suit ventilation gas flow requirement of 11.5 ACFM 
a t  3.7 psia  and 709: 

1. Valves 8 and 9 are closed. 
open e 

Valves 3 and 11 are 

2. Automatic Regulator B i s  set a t  3.7 psia and 
valve 1 is  open. 

3. Blower is started and t h e  speed is regulated t o  
give a s u i t  flow of 11.5 ACFM. 

4. I n l e t  temperature is  controlled by regulating valve 
10 t o  control t h e  water flow t o  the  heat exchanger 
and by regulating the voltage t o  the  l i n e  heater. 

Measurement of s u i t  leakage requires closing off the s u i t  return 
f l o w  and measuring the flow rate required t o  maintain a suit pressure of 3.7 
psia. The following is  the procedure f o r  measurement of s u i t  leakage. 

1. Blower was shut off and valves 2 and 3 were closed. 

2. Valve 9 was regulated t o  maintain the  s u i t  pressure 
constant a t  3.7 psia. 

After t h e  s u i t  pressure had stabil ized a t  3.7 
psia, s u i t  leakage was measured wi th  the s u i t  
leakage flowmeter (See Section 3.4.1 for flow- 
meter description) * 

3. 
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4. To return the suit  flow after the leakage had 
been measured, valve 9 was closed, valves 2 and 
3 were opened and the blower started. 

To return the suit  t o  atmospheric pressure a t  the end of a t e s t ,  
valves 1 and 11 were closed and valve 9 was regulated t o  maintain a suit-to- 
chamber pressure of 3.7 psig a s  the chamber pressure was increased. 

3.4 INSTRUTENTATION 

Instruventation was selected f o r  Experiments 11-a, 11-by and 11-c 
which would: 

( a )  Provide the t e s t  diita required t o  make the evaluations and 
analysis as stated i n  the test objectives i n  paragraph 3.1. 

( b )  Determine the degree t o  trhich the tests simulated the con- 
di t ions specified by the test  points. 

( c )  !.Ionitor progress of the t e s t  and f a c i l i t y  operation, 

This section of the report describes the measureriients that were made, data 
acquisit ion equipment, and recording techniques. 

Temperatures - The Apollo space s u i t  assembly and thermal d m y  
were instrumented f o r  temperature measurements on the dummy surface, constant 
wear garment (underwear), inside and outside of the pressure su i t ,  inside and 
outside of the thermal garment, portable l i f e  support system (PLSS) shel l ,  and 
on the helmet. 
hot and cold spots, material performance, thermal dunmy temperatures, s u i t  
thermal response, and the ef fec ts  of mission and configuration variables. 

The measurement locations were selected t o  provide d a t a  on s u i t  

Figure 18 and Table I1 present a complete l i s t  of the temperature 
measurements, themocouple locations, and corresponding recorder channel 
numbers. 
contract technical monitor. 

The locations presented i n  Table I1 were coordinated with the NASA 

A l l  temperature measurements were made by copper-constantan thermo- 
couples. 
temperature measurements, were constructed of forty-gauge wire (0.003 in. 
diameter) and beaded by a resistance welder, 
were made of twenty-four gauge wire. Forty-gauge wire was u t i l i zed  f o r  the 
thermocouples i n  o r d e r  t o  minimize the measurement e r ro r  due t o  thermal con- 
cluction along the  wire t o  or  from the junction. 

A l l  thermocouples, except two which were used f o r  vent i la t ion gas 

The two gas stream thermocouples 

The thermocouples located on metal surfaces inside the pressure 
s u i t  were e lec t r ica l ly  welded t o  the metal surface, where possible. 
access of the welder t o  the metal surface was restr ic ted,  the thermocouples 
were mounted with Eastman 9 l O  cement. 
surface were secured by Humiseal cement and those on the constant wear garment 
(underwear) were secured by Eastman 910 cement and riberglass tape. 

Where 

Thermocouples located on the  d m y  

The 
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FIGURE 18a. THERMOCOUPLE LOCATIONS ON DUMMY BACK SURFACE 
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LCCATION CODE: 

I - Inside Pressure Garment (On surface of metal par t s  of s u i t ,  
where ca l l ed  for ,  and constant wear garment i n  f ab r i c  a reas) .  

OPG - Outer  Pressure Garment Layer 

ITG - Inner T2iertm.l Garnent Layer 

0% - Outer Thermal Garment Layer 

Bp - Siinulated Back Pack (PLSS) 

SL - Special Locations 

( 2 " E L  NO. CODE 

11-a 11-b,c -- 
2 115 1-1 

3 2 1-2 

4 3 1-3 

5 4 1-4 

6 5 1-5  

7 6 1-6 

8 7 1-7 

LCCATION AND REMARKS 

Inside f ront  neck r ing  

Inside feeding port  

Inside back of helmet 

Right middle finger 

Back of r i g h t  hand, beneath adjustment buckle 

Inside r igh t  mist r ing  of pressure s u i t  

Constant wear garment, beneath crossed PLSS 
harness s t raps  

9 8 1-8 

10 9 1-9 

11 10 1-10 

1 2  11 1-11 

13 1-12 

Constant wear garment, outer s ide  of r i g h t  
elbow 

Inside wrist ring of r i g h t  glove 

Constant wear garment, lower l e f t  to rso  where 
s u i t  i s  not compressed by s t raps  

C om t a n t  wear garment, l e f t  shoulder blade 
where pack r e s t s  on s u i t  

Constant wear garment, l e f t  shoulder under 
PLSS shoulder s t r a p  
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TABLE I1 (Continued) 

LTl-'ZRUIF:ILTT 11-a, 11-b, iwD 11-c !DILRFl(jcOWLE LOCATIONS 

11-b, c 

13  

14 

1 5  

16 

17 

18 

13 

20 

41 

1-13 

1-14 

1-15 

1-16 

1-17 

1-18 

1-19 

1-20 

1-41 

C om t a n t  wear garment, l e f t  shoulder 

Constetn :.imr garment, lover back torso 
below P L X  

Inner boot, r i gh t  foot  

Inner boot, l e f t  foot 

Sock, r igh t  ankle 

Constant wear garment, l e f t  f ront  shin 

Helnet pressure visor  (center ) 

Helmet pressure visor ( l e f t  s ide)  

Constant wear garment, outside, upper 
r i g h t  arm 

The tezperzture measurements taken on the dummy surface were as 
follows: ( ) - denotes brown recorder channel no. 

22 (6) 1-21 Outer, ri@t shoulder 

23 (7)  1-22 Outer, right elbow 

24 ( 0  1 1-23 Upper, right chest 

25 ( 9 )  1-24 Upper, l e f t  chest 

26 1-25 Front, l e f t  shoulder 

27 (10) 1-26 Front, l e f t  forearm 

28 (11) 1-27 Front, right thigh 

29 (12) 1-28 Front, r i gh t  shin 

31 (13) 1-29 Front, l e f t  thigh 

32 (14 1 1-36 Front, l e f t  shin 

33 (15)  I- 31 Back, l e f t  shoulder 
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TULE I1 (Continued) 

Z.XPIDIX?Ii!r 11-a, 11-b, jwD 11-c T ” X 2 O u P L E  LOCATION-; 

C‘ CH.UNXL NO. C ODE LOCATION I\ND REMARICI, 

11-a 11-b,c 

34 (16) 1-32 b c k ,  l e f t  forearm 

- -  

35 (17) 1-33 Upper, r i gh t  back 

36 (1s) 1-34 Lower, l e f t  back 

3 7 (1-9)  1-35 Back, r i gh t  shoulder blade 

30 ( 2 Q )  1-36 Back, l e f t  thigh 

33 1-37 Bck,  l e f t  calf 

4J (21 1 I- 38 Back, r i gh t  thigh 

4 1  ( 2 2 )  1-39 Back, r i gh t  cslf 

42 (23 1 1-49 Forehead of d m y  

The temperature measurements on the outer surface of the pressure 
suit were as fol lovs : 

44 42 CPG-1 Outside f ron t  neck ring 

45 43 om-2 Outer surface feeding port  

46 44 OPG- 3 Head suspension adjustment knob (right 
s ide  only)  

47 45 CPG-4 Outside back of helmet 

48 46 ox- 5 Outside r igh t  wrist r ing  

49 47 OPG-6 Outer s u i t  surface, below crossed portion 
of PUS harness 

50 48 0 ~ ~ 7  Outside lower torso, l e f t  s ide  

51 49 OPG-8 Outside s u i t  surface, l e f t  shoulder blade 
where PLSS rests on s u i t  

52 50 CrG-g Right so le  of pressure boot 

53 51 OPG-10 L e f t  sole of pressure boot 

54 52 O K - 1 1  Surface of bioinstrumentation plug 
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T.4BJ-E I1 (Continued) 

W'ERPlENT 11-0, 11-b, AND 11-c THERMEOUPLE LOCATIONS 

CIiUNEL NO. 

11-a - 
55 

56 

57 

58 

59 

61 

62 

11-b, c 

53 

54 

55 

56 

57 

58 

59 

116 

CODE 

OK-12 

OK-13 

OK-14 

om-15 

O P G - ~ ~  

C E - 1 7  

om-18 

ox-19 

LOCATION AND REMARKS 

Right thigh, under center of v e r t i c a l  cu t  
i n  t h e m 1  garment 

Right thigh, 3 inches from v e r t i c a l  cut  i n  
thermal garment (toward outside of l e g )  

Right thigh, a t  top end of v e r t i c a l  cu t  i n  
thermal garment 

Left thigh, under center of horizontal  cut  
i n  the rm1  earrrient 

L e f t  thigh, a t  outside end of horizontal  
c u t  i n  thermal garment 

L e f t  thigh, 3 inches ve r t i ca l ly  up from 
center of horizontal cu t  i n  thermal garment 

Right thigh, under outer layer  of pressure 
garment, under cu t  i n  thermal garment 

L e f t  thigh, under outer layer of pressure 
garment, under cu t  i n  thermal garment 

The temperature measurements on the inside layer of the  thermal 
garment were as follows: 

63 61 In;-1 

64 62 1%-2 

65 63 In- 3 

66 64 ITG-4 

57 65 1%- 5 

68 66 I T G - ~  

69 67 ITG- 7 

70 68 1%-8 

71 69 ITG-9 

Back of helmet pouch 

Back of r igh t  glove, above adjusting s t r ap  

P U S  pouch next t o  inner temperature 
measurement locat ion 

Outer side, r i gh t  elbow 

R i g h t  thigh, above bioinstrumentation plug 

Front, l e f t ,  lower torso 

Front, l e f t  shoulder 

Bottom, inner r igh t  thermal garment sole  

Bottom, inner l e f t  thermal garment so le  

4 1  



TLriBLE: I1 (Continued) 

EXl'-%XCl,EP?I' 11-a, 11-b, :QJD 11-c 'I'fERMOcOWLE LOCATIONS 

CIItUNCI, NO. c ODE LOCATION AID REMARKS 

11-a 11-b, c - 
72 70 1%-10 Back r igh t  elbow 

73 71 ITG-11 Front l e f t  knee 

74 72 In;-12 Back l e f t  calf 

75 73 1 ~ 4 3  PLSS pouch, lower l e f t  surface of pack 

76 74 1%-14 Outer upper r igh t  arm, ( j u s t  below shoulder) 

77 75 ITG-15 Outer, center, upper r i g h t  a r m  (between 
ITG-4 and ITG-14) 

78 76 1%-16 Right thigh a t  edge of cu t  

79 77 ITG- 17 Left  thigh a t  edge of cu t  

The temperature measurements on the outer l a y e r  of the thermal 
s u i t  were as 

80 

81 

82 

83 

84 

85 

86 

87 

88 

89 

91 

92 

78 

79 

80 

81 

02 0 

83 

84 

85 

86 

87 

88 

89 

follows : 

0%-1 

0%-2 

m- 3 

OTG-4 

OTG- 5 

om-6 

0%-7 

m - 8  

WTG- 9 

m - 1 0  

om-11 

om-12 

Front, above neck ring temperature location 

Back of helinet pouch 

Back of r i g h t  hand, above adjusting s t r a p  

Back of PLSS pouch 

Outer r igh t  elbow 

Front r igh t  thigh, above bioinstrumentation 
Plug 

Back of thermal garment j u s t  below PLSS 
pouch 

Front, l e f t ,  lower torso  

L e f t  shoulder, f ron t  

R i g h t ,  bottom so le  of thermal boot 

Bottom, l e f t  so le  

Back r igh t  elbow 
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TL45I,E I1 (Continued) 

EXI’ZRIBENT 11-a, 11-b, J.ND 11-c TIERMEOUPU LOCATIONS 

COD]< 

ClTG-13 

?TG-14 

TG-.L$ 

i,n;-lL. 

0TG-17 

OTG-1I 

0%-19 

0%-20 

m - 2 1  

0%-22 

0%-23 

Om-24 

m - 2 5  

0%-26 

Front l e f t  knee 

Mck left calf 

CiLcr, u p x  ri[;ht a m  ( j u s t  below shoulder) 

Cuter, center, upper r i g h t  arm (between 
CTG-5 and UIX-15) 

Top of dianond pat tern on chest 

Right-hand s ide  of diamond. pat tern on chest 

Bottom o€ diaaond pat tern on chest 

L e f t  hand siiie of diamond pat tern on chest  

Top of diamond pat tern on back 

Left  hand s ide  of diamond pattern on back 

Bottom of diainond pat tern on back 

Right-hand s ide  of  dinrnond pat tern on back 

Right thigh, near edge of cu t  

Left thigh, near edge 

The ternperature ::easi.we!:ients taken on the simulated PLSS were as 
roiio:.rs : 

107 38 E?-1 Inside hsck wall 

100 26 BP-2 Inside pack 

Heater block 199 27 BP-3 

110 26 BP-4 Inside f ron t  wall, upper portion where 
pack rests on s u i t  

111 29 BP-5 Oixter surface, back s h e l l  

11.2 BP-6 hihr surface of control knob 

43 



TAKU I1 (Continued) 

EXl'ERIi~ENT 11-a, 11-b, AND 11-c 'E IERMOcOUPU LOCATIONS 

CHA.rrnL NO. C ODE LOCATION AND RE2IICXK.S 

11-a 11-b,c - 
The specie1 temperature measurements taken were cs follows: 

11; 43 SL-1 Bottom of walking boot 

114 31 SI,-2 Inlet gas temperature $1 

115 32 SL- 3 IrJet gas temperature 7$? 

116 33 S I A  Outlet gas temperature ;1k 

117 34 SL- 5 Outlet gas temperature ,;.2 

119 35 LS-1 Left  s ide (facing lamps) of l u m r  surface 
simulator (spacecraft on 11-a) 

119 36 LS-2 Right s ide (facing lamps) of lunar surface 
simulator (spacecraft on 11-a) 

NOTES : 

(1) Cn T e s t  11-a, the  following thermocouples were not u t i l i zed :  
1-37, 0 ~ ~ 1 7 ,  ITG-16, IE-17, On;-25, G T G - ~ ~ ,  and EP-6. 

1-12, 1-25, 
See Note ( 4 ) .  

( 2 )  On Test 11-b, the following thermocouples were not u t i l i zed :  
O'IG-19, On;+, On;-26, ITG-16, and In;-17. 

On Test 11-c, the  following thermocouples were not u t i l i zed :  
OPG-11, OPG-16, (good on Test Point No. 1 only) ,  On;-10, and OTG-19. 
See Note (4) .  

1-2, 
See Note ( 4 ) .  

( 3 )  1-2, 

(4) These thermocouples e i the r  did not apply t o  t h i s  par t icu lar  test  o r  could 
not be used due t o  a malfunction. See Notes (1) through (3) .  
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thcrrr,ocouples located on the outside surface of the  pressure s u i t  were e i t h e r  
sewn i n t o  the outer surface layer o r  secured by Eastman 910 cement. 

The thermocouples located on the in t e r io r  and ex ter ior  surfaces 
of the thermal garment were sewn i n t o  the  nylon c lo th  layer  and the bead 
positioned so as t o  be i n  physical contact with the nylon cloth.  
couples located on the ex ter ior  surface of the  thermal garment were painted 
with Vita-Vcr paint Bo. 15966, Formulation PVlOO i n  order t o  reduce the  e r ro r  
i n  the indicated temperature due t o  differences i n  the  emittance and absorptance 
charac te r i s t ics  of the thermocouples and the  nylon fabr ic  t o  which they were 
3 ttached. 

Those thermo- 

The gas i n l e t  and out le t  temperature thermocouples were mounted i n  
the  i n l e t  and out le t  gas l i n e s  by Conax thermocouple glands. The thermocouples 
located on the helmet :.rere secured by small patches of transparent scotch tape. 

Pressures - hit  pressures were measured i n  order t o  control the  
tes t  f o r  operation a t  s u i t  design pressure and a s  a matter of record. 
S u i t  inlet  pressure was measured via  a pressure transducer (Dynisco Model 
.LW 25-10) mounted i n  a manifold i n  the oxygen i n l e t  hose near the entrance 
of the s u i t .  
maintain the transducer temperature within i ts  specified temperature range of 
-65% t o  +-300%. 
(Dynisco APT 25-10) cemented under the chin of the d m y  with Densifoam cement. 
The tecgerature inside the helmet was within the specified operating tempera- 
tu re  range of the transducer. The s u i t  pressure drop transducer (Dynisco 
:lode1 9 14-05) vas connected between the in le t  gas manifold and the  o u t l e t  
gas nanifold. A s t r i p  heater iras i n s t a l l ed  on th i s  transducer t o  maintain %he 
temperature of the  transducer within i ts  specified operating temperature range 
of -650F t o  +3OOOF. Each of the exposed pressure transducers was wrapped with 
superinsulation t o  reduce radiant heat l o s s  t o  the  chamber walls. 

The temperature of the I n l e t  oxygen was su f f i c i en t ly  high t o  

Pressure i n  the helmet was measured by a transducer 

The pressure transducers incorporate a miniature unbonded s t r a i n  
Gauge i n  the configuration of a four active-arn r e s i s t i v e  blheatstone bridge. 
Tne output voltages of t he  three gauges were connected t o  a bridge balance 
box Yvhich served t o  zero the gauges a t  so;?e reference pressure. The s ignals  
froin the bricige balance box were recorded continuously by a Honeywell 
Electronik 17 s t r i p  chart  recorder. 
s u i t  pressure instrumentation sjrsten. 

Figure 13 shows a block diagram of the 

Su i t  Gas Plow - This measurement was made i n  order t o  determine 
tha t  the gas f lov  r a t e  throuGh the s u i t  was vIchin the l i m i t s  specified f o r  
the  tes t  conditions. 

The gas flow rate IJeasurement u t i l i z e d  a Cox type 12, s e r i e s  106, 
vol.uie flowmeter (range 1.77 t o  23.0 XFM) ins t a l l ed  i n  the s u i t  in le t  l i n e .  
The Cox flowmeter provided visual readout only. 

Sui t  Leakage - Sui t  s t a t i c  leakage vas measured a t  several points 
throughout the  tes t  se r ies .  Leakage vas measured by n Hastings-Raydist, Model 
IJ'-lOc>O, m s s  Plomleter with a rawc frox 0 t o  1000 XC1.I. This neter provides 
both visual and e l e c t r i c a l  readout; however, o n l y  v i s u a l  readout was u t i l i zed .  
The sensor fo r  t h i s  system was i n s t a l l ed  i n  the s u i t  gas feed systerti as shown 
i n  Figure 17. 
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I n  order t o  locate  the  General area of any leek which might have 
developed d u r i q  the  course of a t e s t ,  I Consolidated Vac1au-A Co., blodel 
PHG-026, s i x  channel, cold cathode Phi l l ips  Ionization Gauge system with a 
pressure ranze froid 1 x 10-7 to 0.5 nm Hg vas in s t a l l ed  n t  various locations 
about the  s u i t .  These gauges were coded and positioned as follows: 

P-1 Middle of chest, betdeen s u i t  and t h e r m 1  Garment. 

P-2 Niddle of back, between s u i t  and thermal garrre:it. 

P-3 Right wrist disconnect bearing. 

P-4 Left  wrist disconnect bearing. 

P-5 Helmet disconnect bearing. 

P-6 Right l e g  next t o  bionedical connector, between s u i t  and 
thermal garment. 

The use of a pressure gauge system t o  locate the  general area of 
a leak was j u s t i f i e d  on the basis tha t  a leak would produce a measureable 
increase i n  pressure i n  the loca l  area of the lezk. 

Sound Level i n  Helmet - This lneasurement vas mmde t o  provide an 
indication of the sound l eve l  i n  the h e k e t  when the s u i t  pressure r e l i e f  
valve is opened. A n  Astatic Model 332 c r y s t a l  microphone tias located under 
an earphone of the  helmet a t  the dunmiy's ear. The output of the microphone 
was recorded 011 a Sony bbdel E-200 tape recorder f o r  l a t e r  playback of the 
sound produced by opening of the s u i t  pressure r e l i e f  valve. 

The 3ES data system monitors f a c i l i t y  operation, co l l ec t s  &ta 
pertinent t o  the t e s t ,  and f a c i l i t a t e s  recording of basic t e s t  data plus 
substant ia t i rg  data. 
included: 

The recording devices u t i l i z e d  f o r  zcquisit ion of data 

1. Recorders: mown multipoint, 24 channel. 

2. Digital  Voltmeter: Cubic Node1 VR7lP, 300 channel system with 
automatic sequential print out. 

Instrumentation feed-throughs i n  the  chamber walls accommodate the following: 

1. 1% copper-constantan thermocouples. 

2. 108 iron-constantan thermocouples. 

3.  72 chrornel-alumel t h e h c o u p l e s  . 
Feed-throughs are a l s o  provided f o r  cooling water, gas flow and power in to  
the  chamber. 
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The followinC: instrumentation i s  ins ta l led  a t  the SES f o r  measuring 
and recording SES chamber pressure: 

1. 

2 .  CVC GIC-100 Ionization gauge (Range 10-3 t o  mm Hg). 

3. 

CVC GMA-140 Magnavac (Range 760 mm t o  10-3 mm Hg). 

CVC mG-9 Phi l l ips  gauge (Range 0.5 t o  10-3 mm Hg). 

4.  CV2 GM 110 MeLeod gauge (For vacuum cal ibrat ion) .  

A CEC Model 24-120 ::ass spectror.:eter is used f o r  vacuum leak detection. 

3.4.3 DA2T;I RM: ORDING AND FUZDLETICN 

Data measurements made during the tests described i n  t h i s  report  
were recorded and processed by the methods discussed below. 

( a )  Suit  and Dummy Temperatures were recorded as  mil l ivol t  
readings by the d ig i t a l  voltmeter system shown on Figure 20 or d i rec t ly  as  
temperatures on Brown multipoint recorders. 
coorelations are  ident i f ied on Table 11. 
records were manually transcribed onto cornputer input data sheets. 
was subsequently computer processed, tabulated and plot ted a t  NASA-IGC. 

Data charnel number/recorder 
Digi ta l  voltmeter and Brown recorder 

The data 

( b )  
recorded on s t r i p  recorders. 

S u i t  Pressure measurements (reference paragraph 3.4.1) were 

( c )  Suit  Gas Flow measurement and recording methods a re  discussed 
i n  paragraph 3.4.1. 

(d )  Suit Leakage measurements were manually recorded. 

(e )  

( f )  
accomplished were recorded by the t e s t  conductor i n  the f a c i l i t y  log  book 
and i n  the record t e s t  plan. 

Helmet Noise was recorded a s  indicated i n  paragraph 3.4.1. 

Log Book - SES systems operation and the test procedure as 

3.4.4 DATA ACCURACY 

The following is  a summary of estimated data accuracies. 

( a )  Temperature: 23.11% ( i n  range of -1509 t o  -759).  
51.66% ( i n  range of - 7 5 9  t o  +200T). 

( '  

(Note: 
a t t r ibu tab le  %o attachment methods. Attachment errors  a re  discussed i n  
Appendix of t h i s  repor t . )  

The temperature accuracies do not consider possible errors  
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(b) hmxu-e :  Sui t  i n l e t ,  ~0.104 ps ia  
Sui t  helrnct, ' 0.104 psia 
:;uit pressure drop, LO. 0025 p i a  

(c! Gas Plo '~ :  Cox Rotameter, Y.l.055 of indicated flow. 

( d )  .hit 1,eahGe: 24.5 :;CCI\I 

(e  ) I,e,zlr 1)ciec tar: i>:ticiated FW,'; qual i ta t ive  mcasureriient only. 

( f  ) Sound Level: No precise cal ibrat ion,  qua l i ta t ive  measurement 
O n l J r .  

:, derivation of tiic accuracies prcscntcd abovc and a discussion of 
thcr: iocouple zttac!ir.:cnt errors crc prescnted i n  .lppendiccs C and D, respectively. 

t 

Table I11 sumnrizes the tcsts performed during Experiments 11-a, 
11-b and 11-c. 
pertinent infornntion is  given i n  the table .  

.'i br ie f  description of each t e s t  point together with other 

The followifig p-zragraphs discuss s ign i f icant  variances i n  test  
conditions fro::* true space or  lunar conditions end an evaluation of t h e i r  
clagnitudes and effects  on the  test  resu l t s .  

3.6.1 S L L ~  ENERGY V,'$,LJK!E;: 

The sixulatcd solar radiation provided by the  SES solar simulator 
lamps d i f f e r s  froll, the  t rue  so la r  i n  (1) spec t ra l  energy dis t r ibut ion,  ( 2 )  
s p a t i a l  non-uniformity of f l u x  l eve l  2nd ( 3 )  co l l imt ion .  
has the  greatest potential  effects on the tes t  results because the  absorptivity 
of the s u i t  materials t o  SES lamp radiation i s  considerably higher than t h e i r  
absorptivity t o  t rue so la r  radiation. I n  order t o  reduce the e f f ec t s  of 
spec t ra l  differences, the  SEE so lar  lar.!ps were operated during Experiments 11-a, 
11-b and 11-c such t h a t  the t o t a l  solar  energy absorbed by the s u i t  rnaterials 
vas equal t o  the t rue so la r  energy t h a t  would be absorbed. 
by operating the  lamps a t  a lower flux l eve l  such tha t ,  approximtely, 

Spectral misinatcli 

This was accomplished 

:Acre a is  the product of absorptivity of t he  EMU thermal cover material t o  
the incident flux'b." 
ir.dtciltes space conditions v i t h  t rue  solar). 
l eve l  t o  meet t h i s  requirement, the spec t ra l  reflectance of the FMJ therinal 
cover mte r i a l  (Figure 24) vas integrated with the  SES lamp energy spectrum 
(Tzble I )  and w i t h  the  t rue  solar energy spectrum (by Johnson, Reference 2 )  
t o  deternine the material r e f l e c t i v i t y  ( 

(Subscript "SES" indicates  t e s t  conditions and "Solar" 
To a r r i v e  a t  a tes t  so l a r  f l ux  

). P 
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EXEER- 
m m  

'Ia 

I)ry 

No' 

1/6/65 

No. 2 

1/7/65 

SUIT 
CONFIGURATION 

Prototspe Apollo 
Extravehicular 
Mobility Unit 
With PLSS ohel l .  
Su i t  supported 
f'raa helmet with 
clear prersure 
visor expoaed . 

SUMMARY OF 

EST 
oxm , TEST POI" IESCRIFTION 

Cold soak. I)aaaay surface teniperatu 
controlled w i t h  inlet gas. 

2 i 7 
Simulated translurmr extravehicular 
conditions (facing sun) . 
Solar on at 0230 

Simulated t rans lumr  extravehicular 
conditions (back t o  sun). 

Cold soak. DuwaJr surface t e m p e r -  
ature controlled with inlet gas. 

4 Solar on a t  0 5 s  

1 

h t  side to mn 

Hot spcecraft  surface prosmd 
of hot suit. 

7 t made a t  1100 
Slmlated hot l a m  mface  
conditions. No 80l.r radir t ian.  

1 



SOUR SUIT SPACECRAFI 
~ LAMPS , ORIENTATION , SURFACE 

d Off Unheated 

LUNU LUNAR 
SIMULATOR SlMmdTQ 

.(VEXTICAL) :HORIZOmA 
Not Not 

Applicable Appllcab 





__ 

IIb 

Cont 'd 

SUIT 
CONFIGURATION 

1 1 
TEST 
POINT TEST POINT DES 

Simulated egress fra 
lunar surface 

Simulated hot lunar 

' Solar on at 1503 

i s t a t e  condition). 
c : l  

Simulated solar radia  

Simulated ingress in' 
Solar off at 1837 

S i u ~ l a t a d  egress frae 
lunor aurfaca. 

S i m l a M  hot lunar 1 

Simulated hot lunar 4 
1 Relief valve partiall 

1 

Simulated hot  lunar a 

Simul8bd hot lunar d 
1 Vertical tear on uppe 

9 i  
1 

I 

I 
1 I state condition). 

Same as I I b  

Sxcept for Tears 2 p 
I f Made i n  Thermal 1 I Simulated hot lunar a 

4 Inverted "V" tear on 
Garment I 

1 

(Ref. Figure 23 Simulated hot lunar si I f No solar radiation. 

I !Simulated hot lunar s 
5 1 Relief valve closed. 5 

i 



SUMMARY OF TEST CONDITIONE FOR EICIWUMENTS 111, 

ace temperatur 

-__- 

l e t e d  prior to T e s t  Point No. 8 



IIb AND IIc  
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FIGURE 21 TEST SETUP FOR EXPERIMENT II-A 
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FIGURE 22 TEST SETUP FOR EXPERIMENT ll-B 
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FIGURE 23 APOLLO EMU TEST SETUP FOR EXPERIMENT II-C 
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The absorpt ivi ty  was then determined by: 

SES 

or  

I 
I 
I 

The computed values of zbsorptivity of the dacron thermal garment cover of 
the  EMU we: 

The required test flux l eve l  ( t o  compensate f o r  SES solar / t rue so la r  spec t ra l  
differences)  was then determined t o  be: 

8 wsobr 233 * Ssolar 9 .4oO Ssolar aSES 

8 58.5% of one Solar Constant 0 256 BTU/hr-ft2 

However, f o r  s tab le  operation, the SES Lamps cannot be operated below a mean 
flux l eve l  of about 65% of the solar  constant (288 BTU/hr-ft*). 
reason, the  lamps were operated a t  65s throughout the  tests with the overal l  
r e s u l t  that the mean ~ S E S  5 s ~ ~  product f o r  the EMU under test  was about 115 
higher than desired. The corresponding increase i n  mean surface temperature 
(absolute values) on illuminated portions of the EMU was about 2 . 6  higher 
than would have been experienced un&r t rue  so la r  illumination. 

For that 

Another variance at t r ibutable  t o  the SES so lar  source spectrum 
is  the ye l lodng  of surface materials. 
is  believed t o  r e s u l t  primarily from u l t r av io l e t  exposure. 
lamps are r icher  than the sun i n  the u l t rav io le t ,  the one hours' exposure of 
materials t o  the SES lamps was equivalent t o  a longer exposure t o  t r u e  so la r  

Yellowing of the EMU dacron cover 
Since the SES 
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( i .e . ,  materials w i l l  yellow f a s t e r  under SES lamp exposure than under solar 
exposure ) . However, t o  date no s tudies  have been performed t o  determine the  
SES lamps’ t rue  solar  exposure equivalent. 

Figure 6 (paragraph 3.3.1) presented the actual t e s t  plane varia- 
t ions  i n  SES so la r  f lux .  
58% t o  about SO$. 
i ng  that fo r  the  thermal garment outer l a y e r  temperature, 

These variations are seen t o  range upward from about 
From the discussion i n  the foregoing paragraph and recogniz- 

it i s  estimateh t h a t  IGXJ tes t  surface temperatures ranged from about the t rue  
so la r  value (58.55 SES so la r  f l u x  required) up t o  approximately 8dp higher than 
t rue  so la r  illumination values. 

The collimation a w l e  of SES so la r  energy varies from 00 t o  130 
as 8 result of diverging projections of individual lamps. 
estimates are made of the  e f f ec t s  of collimation angle. 
of t h i s  variance are estimated t o  be very small. 
observations made during Experiments 11-b and 11-c where a d i s t i n c t  shadow 
vas seen t o  be projected onto the EMU by the 3/4-inch e l e c t r i c a l  conductors 
of the lunar ver t ica l  simulator. 
S i n a l l  ainoun’c of t h e  t o t a l  so l a r  energy ms incident a t  appreciable collimation 
zrGles. 

No quantitative 
However, the e f f ec t s  

This conclusion is  based on 

This observed shadow indicates  that only a 

Hot Lunar Surface Flux Simulation 

The therm1 environment of the surface of the moon near the sub- 
solar p i n t  m~s simulated by the two-component simulator described i n  
parapaph 3.3.2.3. 
on a p l a in  or  level surface. 
ing assmptions were made i n  determining the Lunar surface fluxes that would 
be incident on an Apollo i%lU on the surface of the moon. 

The condition simulated was that  of an  astronaut standing 
To a r r ive  a t  a simulation objective, t he  follow- 

( a )  L u n a r  noon (sun d i r ec t ly  overhead) 

( b )  Lunar albedo: 0.07 (Eeference 4) 

( e )  Steady s t a t e  conditions 

(d )  

( e )  Upright E.W 

Surface i s  l eve l  t o  a t  l e a s t  50 feet from the suit 

( f )  

( 6 )  Incident so la r  flux: 442 BTU/kr-ft2 

Diffuse erdssion by the lunar surface 
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On t h e  basis of these asslmrptions, the totalhemlspherlca3. emission by the 
lunar surface is then (1-.07) (442) : 412 BTU/hr-ft2. Under these conditions, 
the lunar surface fluxes incident on portions of the MEU will be 412 x F 
BTU/hr-ft2 where F is the geometric form factor  between an aJIu surface and the 
plane lunar surface. 
on an A p o l l o  EMI a t  lunar noon a s  a function of EMU surface orientation. 

Figure 25 is a s v  of incident lunar surface fluxes 

Figmes 26 through 28 present a comparison of desired lunar 
fluxes on the EMU (based on the foregoing discussion) versus measured and 
computer values of fluxes actually provided by the tes t  lunar simulators. 
(The methods by which the test f lux values w e r e  arrived a t  are presented In  
Appendix B of th i s  report). 
simulation objectives on ve r t i ca l  psrts of the  s u i t  and less agreement on 
some prts of the suit facing upward or  downward. 
incident on the en t i r e  suit, however, is  in good agreement w i t h  simulation 
objectives 

Figurea 26 through 28 show close agreement with 

The net or total heat 

Combined Simulated Lunar  and Solar Fluxes 

The t o t a l  test environment can be compared w i t h  the total lunar 
surface environment by considering the sum of the lunar surface f lux plus 
solar flux f o r  both cases. 
discussed in the preceding paragraphs.) 
s o h r  and msximum lunar radiation on a atanding suit do not occur a t  the same 
time. Mximum total solar radiation intercepted by the suit will occur near 
sunup or  sunset when the sun's rays are normal t o  the upright suit. 
lunar surface radiation on the suit will occur when the lunar surface is  
hottest ,  lunar noon w i t h  the sun's rays frcun overhead. 
are never directly additive at  their maximum values. 

(Values of both lunar and solar fluxes are 
On the surface of the moon, maximum 

Maximum 

Therefore, the two 

During Experiments IIb and I I c  in the SES, however, maximum s o b r  
flux was intercepted by the test suit si~~Utaneously with maximum lunar 
surface fluxes. 
additive, the t o t a l  absorbed energy on the f ront  of t he  suit (facing the 
solar) can be estimsted. 

Since both test fluxes have been measured and were d i rec t ly  

Absorbed SES Solar : ~ s E ~ S ~ + S  o .40 x 256 2 181 BTU/hr f t2 

Absorbed lunar flux Z .88 x 206 = 181 BTU/hr f t2  

(Reference paragraph 3 . 6.1) 

(Based on thernrrl garment outer cover Infrared emissivity and 
absorptivity : 0.88) 

Then, the total energy absorbed from both sources by the suit facing the 
solar lamps was approximately 283 BTU/hr ft .2 The corresponding value 
comprrted for a s w i n g  suit on a f la t  lunar surface is 212 BTU/& f t .2  
The ne t  result is that the test conditions w e r e  conservative fo r  a suit on 
a lunar plain or  re la t ive ly  flat surface. 

Although the test simulated the environment of a lunar plain, it 
is recognized that hills, crevices, etc. on the moon may present more severe 
environments. 
the test environment l e  presented i n  Appendix B. 

A discussion of the effects of such irregularities r e l a t ive  to 
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3.6.3 SES CHAMBER m W A L L  VARZAWCB 

Variances due t o  the SES chauiber and walls arise f’rom (1) mmgy 
reflected f’rom the  walls oat0 the t e s t  a r t i c l e  and (2) energy emitted by the 
solar s.lmrhntion entrance ports. 

The solar energy reflected iroln the rear wall WBS approxhbtely 
6.0 BTU/br-ft2. 
product of the interchange configuration factor  and suit absorptance times 
the reflected energy or  approximately 2.0 BTU/hr-fb2* 

The f’raction of this energy absorbed by the suit was the 

When the  solar lamps are operated, the quartz ports become bot 
a s  a result of absorbed flux and re-ernit tarard the test plane. 
f lux emitted by the ports ba been measured as  30 B’N/hr-ft2. 
drops to about 3.0 ~’EU/hr-ft apIrroximatew two lninutae after the 
turned off and the ports  are allowed t o  cool. 

91he heat 
Thie value h are 

3.6.4 SFS PRFSSURE VARIANCES 

SES pressure during Escperiments ==a, 11-b and II-c is sbam in 

~urm overpressurization of the suit, 
Figures 2 through 5. With the suit r e l i e f  valve cloeed a pressure of l e s s  
tw 4 x 10.5 mp a was maintained. 
the suit pressure was regulated so that the  flow through the relie valve 
did not drive the SES cbamber pressure above approximately 5 x 3.0-f; mu Eg. 
This Umit was s e t  on the basis of Figure 29 which Indicates that the thcrmel 
conducti ty of typical superinsulstlons does not change appreciably below 
about lo3 mn Hg. It is concluded that  SES pressure did not partrub the t e s t  
reeul ts  . 
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4 . 1  RESULTS 

Tabulated temperature data f o r  Experiments 11-a, 11-b and 11-c a re  

I presented i n  Appendix E of t h i s  report .  
a r e  presented i n  :Ippendix G (Volume I1 of t h i s  Report). 
tabulations of other data (pressures and gas flow rates). 

Plot ted temperature data ( a l l  channels) 
Appendix F Presents 

Tables I V  and V present a summary tabulation of temperatures 
The data presented on Tables I V  and V are measured throuGhout the t e s t s .  

f i n a l  values f o r  steady state o r  near-steady s t a t e  t e s t  points and i s  pre- 
sented as a concise suxmry of steady s ta te  ternperatures reached. Test points 
3 and 5 of Ekpericient 11-c were not included on Tables I V  and V. 
tes t  points were v e r y  shor t  exposures of the  to rn  thermal garment and a 
l imited amount of t rans ien t  data were measured. 
t e s t  points 3 and 5, Experiment 11-c a re  included i n  Appendix E. 

These two 

The data measured during 

4.2 DISCUSSION 

.\pollo s u i t  and thermal grai:ient te:nperatures during cold soaks and 
exposure t o  solar radiation were cociparcble t o  corresponding measurements on 
the Ge! i i i i i  s u i t  (Reference 5 ) under the s3.r.e conditions. The thermal garment 
outer surface teuperztures were approxim t e l y  -210OF during cold soak and a 
mixixiurn of approximately 11OoE’ under exposure t o  d i r ec t  so l a r  radlatiun. Ten- 
peratures on the  outside of the pressure suit (under the thermal garment) were 
above 6 0 0 ~  during cold soaks and generally less than oody cemperature under 
exposure t o  so la r  radiat ion.  

The worst high temperature condition t h a t  t he  Apollo EMU was ex- 
posed t o  was tha t  of combined hot lunar surface radiat ion plus so l a r  radiation. 
For t h i s  condition, surface flux conditions a t  the lunar subsolar point were 
supplied and the so la r  radiat ion was directed horizontally onto the  s u i t  s o  
t h a t  the  fluxes were d i r ec t ly  additive on the parts of the  s u i t  facing the 
so la r .  For these conditions, thermal garment surface temperatures up t o  250- 
:rere measured on the  so la r  s ide  of the EJlU while, a t  the  same time, the  coolest 
p r t s  of the  thermal gameat t h a t  were exposed t o  lunar radiation only were 
greater thzn 1OOOF. 
t i on  exposure the outer layer  of the pressure s u i t  reached temperatures as 
high as 120%’. It should be pointed out, however, t h a t  120OF was only about 
lo* above the  temperature of the dummy whose temperature had increased as a 
r e su l t  of the net heat leak in to  the s u i t .  If the dummy had been maintaiced 
a t  body tenperatwe, it is  expected the t  the  outer surface of the pressure 
s u i t  would have a l so  been cooler. 

During the conditions of combined lunar and so la r  radia- 

UnheatGd dummy hands and f ee t  were used for the Apollo EMU tests. 
During the tests the  hands and feet were observed t o  reach much more extreme 
temperatures, both hot and cold, than did the rest of t he  dunmy. This 
phenomenon with unheated hands and feet has been observed during other tests. 
Test temperatures of t he  d m y ’ s  hands and feet  are not f e l t  t o  be indicative 
of the response of human hands and feet under the same conditions. Better 
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E I d  
1 1-7 

1-12 

. 1-13 
, I-l& 

I 1-23 

I- 0 

LOCATION AND REMARKS 

Inaide f ron t  neck rlna 
Inside feeding par t 
Inside back of helnrst 

Right a d d l e  f lnuer  

Back of r ight  hand, beneath ad jnstment buckle 

Inside r igh t  wrist r lnn  of presaure snit 
constant w e a r  garment, beneath croaaed PLSS &ness a t ra i  

Conatant v e u  mrme nt. outer s ide  of f igh t  elbow 

torso l a  not 

a h d d e z  blade whsrs p.ck rerc 
C o n d n t  w e a r  ~ p r p ~ e  nt. left shoulder under PLSS shoulder 

Constant w e u l  erment. left s h w l  der 

Inner boot. r iuh t  foot  

Sock, r i g h t  8 n k b  

Helmet pressure vlsor (center) 
Helmet pressare- Visor ( l e f t  side) 

--- 
t 

S 

---____I__ 

-- 
Upper. r igh t  cheat 

Upper. left chest 
Front. left shoulder _I__ . 
pront, l e f t  forearm 
Ront .  r i nh t  th- - 
_____ Front, --___ r igh t  8hin -- 

Front, left tMgh 

Front, lef t  shin - 
wck, left shoulder -- 

f o r m  _ I X I _ ~ _ _  



I EXWRIMEHT 11. 

I I 

2b 

25; - 
26 
27 
78 

29 

31 
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I j/ T/C LOCATION AND REMARKS 



T A B U  Il(C0NTINUED) 

SUMMARY OF TEST POINT FINAL TEMERATURES 

EXWRIMEWT IIa 
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T/C 
IIEN.  

LOCATION AND REMARKS 

-I- 

________ 

ITG-17 Left thlgh a t  edm of cut 
I 

--- 

I 
I 

I 

t rt%)r 



iUMMARY TEST POINT FINAL TEMPERATURES 

EXFERIMENT IIa 



I 
IIa .Day Ng. 2 ! 



T/C 

1mNT. 
I 

LOCATION AND REMARKS 

I 

1 nr&j nn 

(11'0-2 .Back of helmet pouch " --__--- 

U lG3 Ba ck of riaht hand, a w e  adjustfnn str aD - 
CY7.G-h ,Back of PLSS pouch 
mG-5 ,Outer right elbow ____ _-_-- 
UlG-6 ,Front right thigh, above bioinstmentation plug 

CYNi-7 !Back of thunaal garment just below a S S  pouch 
m(~-8 :Front, l e f t ,  lower torso 

UTE9 !Left shoulder. front--- ___ 
(Yl!G-lO/Right, bottom sole of thermal boot 

~fi+lliBottm lef i   sol^--- ___ 

I 

OTG-12 /Back right elbow 
mG-13 ]Front left  knee 

I 



TABU IV (CONCLUDED) 

SUMMARY OF TEST POINT FINAL TEMFERATURES 

EXPERIMENT IIa 
. -. ...... ....... . . . .  - - 

-- 

II_ -.I--.. ......... ..... -. .... 

........ . . . . .  ... ___ ... __ 

-=- - -1 

121 I -2c 

. . . . . . . .  __ 
7 b  a 
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. I- 1-17 . Sock, right ankle 
1-18 I Constant wear gmmnt, left, front shin below PJS 

1-19 ! H e b t  pressure Vlsm (center) I_ 

I 

I 1-20 .Helmet pressme *or (left side) 
1-21 : Outer. right shoulder 



! OF TEST POINT FINAL TEMIERATURES 





___ - _- __ - ~ - - _. _ _ _  _I_--- - -  

- --- LOCATION AND REMAFtKS 

I IDEN. 

I _ _  . 

1-34 Lower, lef t  back 
1-35 Back, r igh t  shoulder b h d e  , 

1-36 I Back, bft thigh 
I 

I 

1-38 Back, r igh t  thigh -__ - 
lf -__I _l__l_ _. - - - 

140 Forehead of 
141 constant wear 



SlJMKARY OF FINAL TEMPERATURES 

EXPERIMENTS IIb AND IIc 

I n  6 95 117 lor; 
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OTG-25 

LOCATION AND IZeEURKS 

Front. 8 b m  neck r ina  k m  ra ture  location 
Back of helmet pouch 

Back ai r u h t  hand, above adjwt ing  s t r a p  

Mck of PISS much 
r n  

Front right thigh, 8bovs biolnstr\rslentatlon plug 

Back of therm 1 mrm nt .kat be law PISS much 
Front. lert. l w e  tarso 
L e f t  shoulder, front 
Riuht. bottom sob of tktrml boot 

J3Qdian+laf%mh -- - --.- - - - -- --_ 
Back r igh t  elbow 
Front left beto 

ft calf 
Outer, u m r  r igh t  am (jwt belaw shoulder) 

Top of dlamond pattern on cheat 
Rinht-hand side of diamond pattern on chest 

. n-r rlg ht  ann (betwaan_MIo and mG-1s)- 

Right-)r* sib of diamond pattern on back 
RiLtht thigh, near e dm of cut 
--- ----I_ --__I_ - 

- 
7 3  a- 





-91 -126 1 113 238 209 229 113 -113 150 . 



LOCATION AND REMARKS 

t pouch 

Back of r i ah t  alove. above addustinu strar, 
t o  ) 

JT.!k!L 
IT& 

I T G 7  
mG=a 
no-9 
ITO-10 
ITO-11 
no-12 
ITG13 

ITG--?)I 

BP-1 
BP-2 

BP-3 

BP-lr 
BP-S 

BP-6 

SL-1 

LS-1 

Ls-2 

---- ---, ----- -----. _I_- 

u g h t  t h i &  above b i  Qimt-nt at ion plue 
Front, lef t  lawer torso  

Front. l e f t  shoulder 

Bottom, inner left  thermal garm ent sole 

Back rlnht e lbaw 

Front lef t  knee 
Back left calf 
msS pouch, lower l e f t  surface of pack 

m t e r  w r  right a-rl 
m t w h  - 
mt thinh a t  edne of cut --I 

Left thigh a t  edge of cut 

Inside back -3.3 - 
Inside pack 

Heater block 

Inside front  wall. upper portion where pack rests or 
Outer surface, back shell 

Outer rmrface of control knob 

Right side (facing luops) of lunar barface slmulata 

I 
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t e s t  data could be obtained i n  the future, especially during s u i t  cold soaks, 
by f i t t ing  heated hands and f e e t  t o  the  thermal dummy. 

Helnient and glove O-ring sealing surfaces' minimum temperatures 
during s u i t  cold soaks were 4 0 9  or higher. 
above the temperature a t  which mist-disconnect O-ring leaks were experienced 
a t  LTV on a Gemini s u i t  i n  February, 1364. 

These temperatures a re  about 10" 

Temperatures as low as l5OF were measured inside the boots during 
Ebth cold soak and as high as  160- during m a x i m u m  incident f lux  conditions. 

these extremes a re  f a r  beyond the threshold of pain. However, i n  l i gh t  of 
the ?receding discussion of the hands and fee t ,  these temperatures a re  not 
considered r e a l i s t i c .  Furthermore, informal information indicates t ha t  the 
boots on the t e s t  s u i t  were not representative of what the f inal  design will be. 

No "hot" or "cold" spots on the inside of the s u i t  a re  c lear ly  
indicated. However, it i s  f e l t  that  insufficient instrumentation was in s t a l l ed  
on the inside s u i t  surfaces during these t e s t s  t o  gain any val id  posit ive or 
negative indications. 
t i o n  be placed on the  in te r ior  suit surfaces, par t icu lar ly  on inside headware 
surfaces, such as  helmet and wrist disconnect rings and other surfaces that 
extend t o  the outer suit surfaces. 
wrist disconnect r ing and feeding port surfaces (measured during Ekperiment 
11-a) a re  indicative of the possibi l i ty  of cold in te rna l  hardware surfaces. 

It i s  recommended that fo r  future  t e s t s  more instrwaenta- 

Temperatures as  low as 40-509  on the inner 

FIiniinum measured temperatures of the c lear  Apollo helmet visor 
used on t h i s  t e s t  were on the order of 109, which i s  below the f r o s t  point. 
blaximum measured temperatures were 1429 with combined solar  and lunar radia- 
t i on  on the f ront  of the EMU. 

Review of the data shows tha t  dummy temperatures ranged far out- 
s ide the range of normal body t eqe ra tu res  during various t e s t  points through- 
out t h i s  t e s t  ser ies .  Low dummy temperatures were the result of s u i t  heat 
losses during cold soak conditions without the application of power t o  the 
dummy heaters.  
i n to  the  s u i t  during maximum flux conditions. 
cooling the dummy under these conditions. ) 
siderable heat source or sink influence on the pressure s u i t .  
allowances fo r  high or low d m y  temperatures may be i n  order i n  the evaluation. 
of temperatures on the pressure s u i t .  

High dummy temperatures (120OF) were the r e su l t  of heat leaks 
(No means were available f o r  

The thermal d m y  exerts a con- 
For t h i s  reason, 

Figures 30 and 31 present a plot ted sampling of temperatures 
throughout the t e s t  ser ies  (Experiments 11-a, 11-b and 11-c). 
channels shown on Figures 30 and 31 a re  representative of the t ransient  re-  
sponse of the ENU and, t o  a lessor degree, a r e  representative of the tempera- 
ture levels  measured on the dummy, PGA and thermal garment. 

The temperature 

The thermal garment cover material (dacron) was c lear ly  affected 
by exposure t o  tne SES solar  lamps. 
yellowish brown with increasing exposure and vas accompanied by an increase 
i n  temperature ( i . e . ,  the dacron temperature was higher under solar  i r radia-  
t i o n  during Experiment 11-c than during the ea r l i e r  Experiment 11-a). 
f a c t  t ha t  the darkening was due t o  exposure t o  the solar  lamps i s  i l l u s t r a t e d  

The dacron chrkened t o  a yellow or 

The 
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by the observation that s t r i p s  across the  dacron were shaded by the  v e r t i c a l  
lunar simulator conductor members (3/4 in .  i n  diameter) and did not darken 
nearly s o  rnuch as d i d  the  unshaded bulk of the thcrmal garment. 
i n  dacron temperatures as the  tes t  progressed provides the estimate of in- 
crease i n  SES solar  absorptivity (aSES) presented by Figure 32. 
Of ~SES/*%ES. was determined by the following re la t ion .  

The increase 

The r a t i o  

L 

The pressure of the  Apollo EMU was maintained a t  3.7 ps ia  through- 
out t h e  tes t  except f o r  those test  points where the  r e l i e f  valve was required 
t o  be open. For those tes t  points, the s u i t  pressure was inc r  ased above 5.5 
psia t o  the point where the  SES pressure was raised t o  5 x lo-' mm Hg. by the 
increased suit/valve leakage. The charac te r i s t ics  of t he  valve are discussed 
i n  paragraph 4.2.7. 

The s u i t  gas flow (oxygen) was maintained a t  near 11.5 cfm (a t  
Su i t  3.7 ps i a )  throughout the test, except during relief valve operation. 

flow data 2nd pressure data are presented i n  Appendix F of t h i s  report .  

Table V I  presents a tabulation of measured EMU outer surface t e m -  
peratures versus computed outer surface temperatures i n  the t rue  lunar environ- 
ment. 
Experiments 11-b and 11-c were conservative. 

The temperatures presented by Table V I  indicate the test  conditions f o r  

Determination of Heat &lance 

The heat leakage i n t o  or  out of the  EKJ can be determined by 
wr i t i ng  a heat balance f o r  the pressure s u i t  as follows: 
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Condition 

Lunar Dark Side 

Test  Tunar Dap 

3XU on Flat Plane wlth 
Sun Overhead 

Sun at 30' 

Measured 
SES 

-210% 

220% 

Predicted 
aynLutlar 

-200% 

195% 

1359 

* %at condltionrr v8. true lunar if squivahnt test conditione existed on 
moon (%.e., borixontal m n * a  rays and 
SiParl trmaouely) .  

lunar surface temperature 

86 



where 

CZ, 
Q2 

23 

~4 

= Energy entering EMU via  in le t  gas, ~ / ' h r .  

= Heat removed by ou t l e t  gas, I3Tu/hr. 
0 Net heat transferred t o  gas from thermal dwnmy, BTU/hr. 

P External heat leakage in to  or out of s u i t ,  BTU/hr. 

then 

QA = 42 - Cl - c.3 

where 

wG k s s  flow re t e  of vent i la t ion  gas, lb/hr. 

Constant pressure specif ic  heat of vent i la t ion  gas, BTU/lb--. -G 

to = Temperzture of ou t l e t  gas, OF.  

ti I Temperature of i n l e t  gas, %. 

The heat transferred t o  the vent i la t ion gas from the dwnmy, Q3, 
can be determined by writing a heat balance f o r  t he  dummy as follows: 

where 

Qi = Heat input from d m y  heaters, BTU/hr. 

= Heat s tored i n  dummy, BTU/hr. QS 

then 

where 

P 

wD 

= Power input t o  dummy heaters, watts, (one watt = 3.413 BTU/hr). 

= Total weight of d m y ,  lbs.  
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0 c E Specific heat of dwmny, BTU/lb- F. 
PD 

dt z Rate of change of d m y  temperature, %/hr. m 
The rate a t  vhich heat i s  stored i n  the dummy, Qs, can a l s o  be 

expressed i n  terins of  the sum of the heat stored i n  the eight individual 
dummy segments as follows: 

where 

ws = Weight of d m y  segment, arm, torso, e tc . ,  l b s .  

: Rate of change of segment temperature with respect t o  time, 

Substi tuting t h i s  expressicn in to  the equation for  t&+ gives 

S 

The analysis of the thermal d m y  heat capacity i s  presented i n  
Appendix A. F i g u r e 4  Appendix A, can be used t o  determine the r a t e  a t  which 
heat is stored i n  the individual heater segments if  the change i n  temperature 
with respect t o  time of the segment is  known. This latter quantity can be 
calculated from the plot ted data included i n  Appendix G of t h i s  report  (Volume 
11). t e s t  point No. 1, 
Day No. 1, Experiment 11-a. 
oxygen) i s  calculated from the appropriate s u i t  f low data i n  Appendix by 
standard flowmeter equations as 1 2 . 1  lb/hr. 
f o r  net s u i t  heat leak, along with dummy stored heat, gives: 

Consider for  example the n e t  s u i t  heat leakage 
F i r s t ,  the s u i t  vent i la t ion gas flow r a t e  ( for  

Substi tution in to  the equation 

4 12.1 (0.2175) (81 - 68) - 3.413 (44) 

+ [-l+2 +2 +2 +5 +o +o -1 -4 + g 
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I .  
Q 34 - 150 + 5 

6 = -111 m/hr. 

The heat leakage for Test Point No. 2, Day No. 1, Experiment 11-a, 
where the  dummy heaters were not used and the  dummy surface temperature was 
controlled with the in le t  gas can be calculated i n  a s i m i l a r  manner as follows: 

w = 28.4 (5.07) 4% 
w = 12.0 lbs/hr. 

then 

Q = (12.0) (0 .2175)  ( 8 2  - 102) .. 3.1113 ( 0 )  

+ 1-4 -17 -4 -6.5 -6.5 -1 -2 -4 -3 -141 = 114 BTu/hr. 

The order i n  which the dummy segment heat storage values are 
l i s t e d  i s  as follows: 

Segment Channel No. 

1. R i g h t  arm 22, 23 

2. Torso 24, 25, 35, 36 

3 .  Left arm 26J 27, 34 

4 .  Upper right l eg  28, 40 

5 .  Upper l e f t  l eg  3 l J  38 

6. Lower Left l eg  32, 39 

7. Lower r igh t  l e g  29, 41 

8. Head 42 

9. R i g h t  hand 6 

10. Right and l e f t  
feet I 18 

Data from the  channels l is ted a t  the  r igh t  were used t o  determine 
the change i n  teciperature with respect t o  t i m e  (d t /dT ) of the  above segments 



d u r i q  Experiment 11-a. 
were used; however, the assigned channel nuibers a re  different  (Table 14. 
change i n  te1,iperature with respect t o  t i r r ie  was assumed t o  be l inear  over 
approximately the l a s t  hour of the test point. 
requires approximately one hour t o  respond t o  a s tep change of 5 9  i n  surface 
temperature. 
respect t o  time was assumed t o  be l inear  over the en t i re  t e s t  point. 
effect ive change i n  texperature with respect t o  t i m e  of a segment vas calculated 
by arithmetically averagiw the change i n  temperature with respect t o  t i n e  of 
the various locations as denoted by the channel numbers previously l i s t e d .  
The r a t e  of heat stored or l o s t  from the dumny vas then determined from Figure 
F1, Appendix A. Similarly, i n l e t  and out le t  ventilation gas temperatures and 
dumy heater porqer :rere averaged. 
the heat lealaze.  

For Experiments 11-b and 11-c the same dummy locations 
The 

Analysis has shown the dummj 

For the half hour test points the change i n  temperature with 
The 

These average values were used t o  compute 

Apollo SJ Heat Balance Data 

Calculated net EMU heat leakage data f o r  each experiment a re  
In  general, good agreement i n  heat leak- presented i n  Tables VI1 through M. 

age among the steady s t a t e  test  points was obtained. 
for  the half hour t e s t  points apply only t o  the t ransient  condition. 

The heat leakage data 

Net ElN heat leakege during cold soak varied from -111 t o  -135 W/hr 
except fo r  Test Pci.nt No. 6, Experiment 11-c. 
had not been achieved i n  Test Point No. 6. 
m/hr out of the s u i t  during cold soak i s  i n  good agreement with previous 
resul ts ,  Reference 5.  
Gemini Extravehicular Sui t  (Reference 6 )  i s  believed t o  be due primarily t o  
the insulated helmet of the Apollo EMU. 
assuming the helmet is a sphere nine inches i n  diameter, the heat loss  from 
the unimulated helmet i s  calculated as follows: 

However, steady s t a t e  conditions 
The maxirnum heat leakage of -135 

The lower heat leakage out of the EMU compared t o  the 

Using dat2 from Reference & and 

C? = 75 BTu/hr. 

where 

give 

e = Emittance of helmet she l l  

Q m Stefan Boltznann constant, BT(l/hr-ft* 

fi = Surface area of helmet, f t  2 

T Temperature of helmet shel l ,  % 

This heat loss added t o  the -135 BT(l/hr during cold soak would 
t o t a l  heat los3 of approximately-210 EfTu/hr f o r  the Apollo EMU with an 

uninsulated helmet. 
vehicular s u i t  heat leakage during, cold soak reported i n  Reference 6. 

This value i s  i n  good agreement with the Gemini extra- 
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EXPERIMENT 11-a 
CALCULATED NE2 EMU HEAT LEAKAGE 

No. No. ~ e s t  Point Description(’) 
Test Day T e s t  Point Heat Leakage(4) 

m/hr 

1 1 Cold soak. No incident radiation. -111 
Dummy surface temperature controlled 
with dypy heaters. Relief valve 
closed 

1 2 Cold soak. Dwnmy surface tempera- - 114 
t u re  controlled with inlet  gas. 

1 3 Translunar extravehicular conditions. +7 
Solar on. 
PLSS heater on. 

l34U facing solar  lamps. 

1 4 Translunar extravehicular conditions. - 31 
Solar on. 
PLSS heater on. 

Back of EDU t o  solar  lamps. 

2 1 Cold soak. Dummy surface temperature -135 
controlled with inlet gas. 

2 2 Cold spacecraft surface pressed against -134 
r igh t  side of cold EMU. 

2 3 Hot spacecraft surface pressed against -134 
r igh t  side of cold EMU. 

2 4 Translunar extravehicular conditions. - 74 
R i g h t  side of EMU facing solar  lamps. 

2 5 Cold spacecraft surface pressed - 24 
against r ight  side of hot EMU. 

2 6 Translunar extravehicular conditions. -61 
R i g h t  side of JMJ facing solar  lamps. 

Hot spacecraft surface pressed against 
right side of hot ENU. 

-32( 3 1 2 7 

(1) See Table111 fo r  additional information. 
( 2 )  Relief valve was closed during a l l  of Experiment 11-a. 
( 3 )  Estimated from transient  data. 
(4  ) (+ ) indicates heat leak i n t o  su i t ,  ( - )  indicates heat leak out. 



T e s t  Point 
No. Test Point Description 

H o t  lunar surface condition. 
Relief valve closed. 

Solar off,  

H o t  lunar surface condition. Solar on. 
EI-IU facing so lar  lamps. 
closed. 

Relief valve 

Ingress i n t o  lunar cave. Relief valve 
closed. 

Egress from cave t o  hot lunar surface. Solar 
on. EIU facing solar lamps. Relief valve 
closed. 

H o t  lunar surface condition. Solar on. h c l r  
of EMU t o  so l a r  lamps. Relief valve closed. 

Ingress i n t o  lunar cave. Relief valve closed. 

Egress froin cave t o  hot lunar surface. Solar 
on. Back of ENU t o  so la r  lamps. Relief valve 
closed. 

H o t  lunar surface condition. Solar of f .  Relief 
valve open. 

Hot lunar surface condition. Solar on. EMU 
facing solar lamps. Relief valve open. 

Heat Leakage ( 2  
EYm/hr 

(1) Estimated from t rans ien t  data. 
( 2 )  (+) indicates heat leak i n t o  s u i t ,  ( - )  indicates  heat leak out. 
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TABLE IX 

Test Point 
No. Tes t  Point Description 

1 Hot lunar surface condition. Solar on. 
EMU facing s o l a r  lamps. 
closed. 

Relief valve 

2 Hot lunar surface condition. Solar on. 
EMU facing solar lamps. 
open. 

Relief valve 
Vertical  tear  on upper right thigh.(3) 

3 Hot lunar surface condition. Solar on. EMU 
facing solar  lamps. 
Inverted "V" tear on upper l e f t  thigh. (3)  

Relief valve open. 

Hot lunar surface condition. Solar off. 
Relief valve open. 

Hot lunar surface condition. Solar on. EMU 
facing solar lamps. Relief valve closed. 

Cold soak. 
t r o l l e d  wi th  i n l e t  gas. 

Dwmnjr surface temperature con- 

Solar on. Lunar  off .  EMU facing so lar  
lamps. Relief valve closed. 

Heat Leakage ) 
BI!U/hr 

-k 137 

+ 211 

* 

*Not calculated. Tes t  Point not of suf f ic ien t  duration. 

(1) (+ ) indicates heat leak in to  su i t ,  ( - )  indicates heat leak out of su i t .  
(2)  Tears through thermal garment remained open f o r  remainder of experiment 

(3)  
after each was opened. 
Steady s t a t e  conditions not reached. 
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M a x i m u m  heat leakage i n t o  the  EJlU was 211 BTU/hr with f'ull simula- 
t i o n  (solar  plus lunar rad ia t ion)  and the suit relief valve open. 
r e l i e f  valve closed, t h i s  value dropped t o  approximately 130-140 BTU/hr due, 
apparently, t o  the decrease i n  s u i t  conductance. Heat leakage i n t o  the s u i t  
with lunar surface radiat ion only and the  r e l i e f  valve closed was 45 B'IU/hr 
(Test Point No. 1, Experiment 11-b). 
BTU/hr with the  re l ie f  valve open. 
was approximately 7 BTU/hr i n to  the s u i t  when facing the so l a r  lamps. 
value i s  a l so  i n  good agreement with Gemini s u i t  test  data, Reference 6. 
Facing away from the solar  lamps, a net heat loss from the suit of 31 BI'U/hr 
was obtained. 
leakage through the visor which i s  discussed i n  Section 4.2.3. 

With the 

This value increased t o  about 50-60 
With so la r  radiat ion o n l y  the heat leakage 

This 

This difference (+7 t o  -31 BTU/hr) is primarily due t o  heat 

The s u i t  thermal conductance during cold soak can be estimated 
as follows (assuming the s u i t  surface area is  25 f t 2 ) :  

Q = U A A t  

where 

Q 

A 

m Heat leakage through su i t ,  IJru/hr. 

= Surface area of s u i t ,  f t 2 .  

A t I Temperature gradient through the su i t ,  9. 

135 
=- 

U m 0,0186 BTV/hr-ft2 OF (cold)  

For the so la r  plus lunar radiat ion condition, the  conductance is: 

U m 0.0731 W/hr-ft* % (hot) 

Assuming the visor is responsible f o r  approximately 40 BTU/hr 
i n  both cases, the ac tua l  s u i t  conductance is: 

and 



These conductance values a re  i n  general agreement with data given i n  
Reference 7. 

4.2.3 Nli;T HEAT GAIN OR LOSS THROUGH VISOR 

An indication of the heat gain through the visor due t o  simulated 
so la r  radiation alone can be obtained by comparing net s u i t  heat leakage f o r  
test  points with the s u i t  f a c i w  the solar  lamps and with the back t o  the 
lanps. The m a x i m u m  heat gain would be expected with both solar  and lunar 
radiat ion incident upon the su i t ;  however, since the lunar simulator is  
symmetrical about the su i t ,  the  contribution of the lunar simulator radiat ion 
cannot be determined i n  t h i s  manner. A comparison of T e s t  Point No. 2 (facing 
lamps) and Tes t  Point No. 5 (back t o  lamps), Experiment 11-b (Table V I I I )  
shows a change i n  net EMU heat leakage from 133 t o  84 BTU/hr or a difference 
of 49 l3I’U/hr. 
facing lamps) t u  -31 BTU/hr (Test Point No. 4, back t o  lamps) during Day No. 1 
of Experiment 11-a, Table VIII, indicating heat gain through the visor of 
38 EY?U/hr. 
6 .  

The net EMU heat leakage changes from i-7 (Tes t  Point No. 3, 

These heat leakages are  cociparable t o  resu l t s  reported i n  Reference 

Under cocibined solar and lunar radiation, visor and d m y  face 
temperatures approached 140%’ while i n  the solar  only case the v i s o r  tempera- 
tu re  was approximtely 85% and the dwmiy face temperature approximately 909. 
This temperature difference (140 compared t o  9 0 9 )  would indLcate a n ~ ~ c h  larger  
heat gain f o r  the solar plus lunar condition as ccmpared with the solar  only. 
The conplexity of the heat transfer processes involved precludes an ana ly t ica l  
determinaticn of the heat gain from measured temperature &ta.  

The heat l o s s  from tile visor during c d d  soak is  calculated from 
the  visor tesperzture. Analysis of seasured visor temperatures during T e s t  
Point No. 1 of Day No. 1, Experiment 11-a (Table V I I ) ,  shows the visor t e m -  
peratu-e during cold soak i s  approximately 54OF when the dunmy face tempera- 
tu re  i s  maintained a t  about gOOF. 
during the other cold soak test points; however, the dunmy face temperature 
cannot be maintained i n  the 80 t o  900F range when the i n l e t  gas is  used cv 
control the dummy surface temperature. Consequently, i n  these t e s t  points 
d m y  face te1.iperatul.e as low as 46% were measured with a corresponding visor 
temperature of 189. This lower temperature would r e su l t  i n  less heat loss 
from the visor but does not -field a r e a l i s t i c  value. 

Lower visor temperatures were recorded 

Assuming 6 visor surface area of 0.5 f t 2  and an emittance of 0.9, 
the heat loss from the visor a t  a temperature of 54OF can be calculated as 
follows : 

Q = €6.4@ 

Q = (0.9) (0.1713 x lG-’) (0.5) (514)4 

These resu l t s  show the maximurn heat gain through the visor t o  be 
approxirmtely 40 BTu/hr when facing the sun, while the maximum heat loss 
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through the visor is approximately 50-60 BTU/hr .when fac i rg  deep space. 

4.2.4 I3'FXTS GF CCWACT 'VmI SPACXWZT SURFACE 

Sui t  contact with hot and cold spacecraft surfaces produced no 
neasmable perturbations of temperatures i n  the area of contact. Figures 33 
through 36 present recorded temperatures on the upper right arm (where con- 
tact with the spacecraft simulator was made), on the thermal garment and 
through t o  the dwnmy's arm. 
the sapcecraft simulator produced the following. 

I n  general, it can be sa id  tha t  contact wi th  

( a )  Terrrperatures inside the thermal garment and the outside of 
the pressure s u i t  changed approximately 1OOF. 

(b )  No measurable temperature changes were seen on the dummy 
arm surfaces. 

Tnese observations a re  i n  general agreement with observations of a similar 
test conducted on a Gemini space s u i t  (Reference 6 ). 

4.2.5 IIlTECm OF SUIT RELIEF VALVE GPERRTION 

Four t e s t s  were conducted during Experiments 11-b and 11-c i n  
vhich the s u i t  overpressure r e l i e f  valve was actuated by increasing s u i t  
pressure t o  greater than 5.5 psig. Vhen it was actuated, the r e l i e f  valve 
(located on the l e f t  leg of the  PGA) released gas in to  the area underneath 
the thermal garment. 

Relief valve operation produced two obvious effects .  

( a )  Temperature on the lower parts of the EMU were noticeably 
affected, especially on the l e f t  l eg  above the r e l i e f  valve. 
Figures 37 and 38 present a his tory of the thermocouples 
i n  the areas affected following opening of the valve. Tem- 
peratures on the pressure garment and inside of the thermal 
garment began t o  r i s e  (approximately 25T increase).  
both Figures 37 and 38, the outer thermal garment cover is 
seen t o  suddenly decrease i n  temperature. A l l  these observa- 
t ions a re  indicative of an i x r e a s e  i n  heat t ransfer  i n to  the 
s u i t .  The surface temperature of the thermal dwmny increased 
a f t e r  actuation of the valve; however, temperatures on other 
par ts  of the d m y  were a l so  increasing. Therefore, it is  
not easy t o  determine the reaction of the d m y  spec i f ica l ly  
t o  the release of gas thoup$ the r e l i e f  valve. 
cold soak t e s t s  were performed with the relief valve open). 

"he t o t a l  heat leak in to  the suit increased when the r e l i e f  
valve was opened. 
comparison of s u i t  heat balance w i t h  the r e l i e f  valve opened 
and closed ( a l l  conditions with both so la r  and lunar radiat ion) .  

On 

(No s u i t  

(b )  
Tables VI11 and IX supply the following 
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Relief Valve Closed: 

133 IfiTu/hr in to  s u i t  (Test Point No. 2, Experiment 11-b) 

137 BTU/hr i n to  s u i t  (Test Point No. 1, Experiment 11-c) 

Relief Valve Open: 

132 BIV/iir in to  s u i t  (Test Point No. 9, Experiment 11-b) 

211 BTU/hr i n to  s u i t  (Test Point No. 2, Experiment 11-c) 

The increase i n  heat leaks in to  the s u i t  is judged t o  be the r e su l t  of 
introduction of gas conduction in to  the thermal Garment insulation by the 
release of s u i t  Gas in to  the  area underneath the insulation. 

Two tears  or r i p s  were made t h r o x h  the  E24U thermal garment t o  
evaluate their  e f fec ts .  
inch ve r t i ca l  t ea r  on the right thigh (Figure 39) and an inverted V-shaped 
t ea r  on the l e f t  thigh (Figure 40) .  The EMU was then exposed t o  a combination 
of lunar surface conditions during Experiment 11-c including extended outflow- 
ing or" s u i t  gas t h r o x h  the r e l i e f  valve in to  the area underneath the thermal 
garment. 

The tears  were made on the upper thigh area: a s ix-  

Analysis of the data indicates the following ef fec ts  of the tears 
through the thermal garment. 

( a )  No gross ef fec ts  on the overall  EMU t h e m 1  balance a re  
detected. 
a l l  E W  heat balance for  two otherwise ident ical  conditions a re  nearly the 
same value before and a f t e r  the tears were made (Experiment 11-b, Tes t  Point 
No. 1 versus Experiment 11-c, Test Point No. 4: hot lunar surface conditions, 
no so la r ) .  

For comparison, it i s  noted from Tables V I 1 1  and IX t ha t  the over- 

(b )  Figures 41  and 42 i n  addition t o  Figure 38 show tha t  the FGA 
materials exposed by the thermal garment tears  underwent rapid and severe tem- 
perature increases during the two short exposures t o  combined solar and lunar 
surface radiation. 
surface temperature, however, did not respond immediately. This is judged t o  
be due t o  diffusion by the inner PGA materials of the heat leak over a larger  
area, thus reducing the concentration of heat on the dummy. 

It is interesting t o  note that the loca l  thermal dummy 

The PGA materials exposed through the tears  t o  lunar surface radia- 
t i o n  only (no so la r )  were only about 159 hotter  than before the tears were 
made. (Compare thermocouples OPG-15 and 19 a t  1200 hours on Figure 38 with 
Om-15 and 19 a t  1505 hours on Figure 42). 
small is  probably a t t r ibu tab le  t o  the f a c t  that none of the lunar simulator 
lamps shined d i rec t ly  in to  the tears. 

The f a c t  that  the increase is 

( c )  Consideration of  what would happen t o  an uninsulated s u i t  
i n  the hot lunar environment leads to  the conclusion tha t  the heat input in to  
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the s u i t  would quickly become intolerable.  
Figure 42 a re  indicative of w h a t  the en t i re  uninsulated s u i t  surface tempera- 
tures would be, the suit occupant's skin would undoubtedly surpass the thres- 
hold of p a i n  as soon as the heat t ransient  penetrated in to  the inner su i t .  
These conclusions a re  somevhat borne out by resu l t s  of an uninsulated Mercury 
space s u i t  t e s t  reported i n  Reference 8. 

If the temperatures shown on 

4.2.7 SUIT GAS UAKAGE AND OVERPRESSURE RnIEF VALVE CHARACmISTICS 

Su i t  leakage was measured periodically throughout the three 
experiments employing the procedure outlined i n  Section 3.3.2.7. 
a re  presented i n  Appendix F. 
t o  45 sec/min ( a i r  a t  14.7 psia and 70%). 

The r e su l t s  
In  general, s u i t  leakage varied from about 40 

Su i t  re l ie f  valve character is t ics  a re  shown i n  Figure 45. Data 
were taken a t  atmospheric pressure before pumpdown of the chamber and i n  
vacuum. 
decreasing s u i t  pressure t o  determine possible hysteresis e f fec ts  i n  the 
valve (Figure 45). 
repeatabi l i ty  of valve performance. 
abruptly a t  approximately 5.4 psia and becomes prac t ica l ly  independent of 
pressure. 
m u s t  open a t  or above 5.0 psig and be f u l l y  open a t  6.0 psig. 

A t  atmospheric pressure, data were recorded f o r  both increasing and 

The data show no s ignif icant  difference, indicating 
The data show the s u i t  leakage increases 

Reference 9 s t a t e s  tha t  a t  atmospheric pressure the r e l i e f  valve 

A microphone was ins ta l led  on the l e f t  s ide of' the  dummy head 
The primary purpose such that the microphone f i t t e d  in to  the helrnet earpiece. 

of the microphone was t o  determine if there was any appreciable increase i n  
sound leve l  due t o  opening or closing of the s u i t  overpressure r e l i e f  valve. 
This measurement was performed by comparing measured sound levels  i n  the 
helmet against a source of known intensi ty .  
crease i n  sound level i n  the helmet due t o  operation of the relief valve. 

The data did not show any in- 
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The followinl: conclusions are reached with regard t o  the thermal 
These conclu- pcrfornmncc of the  1po.llo F:xtravehicuJ.ar Mobility U n i t  (EMU). 

s ions are reached on t h e  basis  of data anit observations froin Experirlients 11-a, 
11-b and 11-c. 

1. J2ininiru11 IQRI  t licriid garment temperatures i n  space w i l l  be 
approxi:  iate1;- -,'OcPF. On the surface of the moon, the  EMJ thermal garr,lent 
C P  cr tci7pratiii.c c n i i  bo expected t o  reach :)5'"T o r  iiiore during claylight 
operul,i.on. 

'. : t ixii  1 1 1 ~  lieat lcalrs i n b  thc IJlU wcrc computed t o  be 133 BTv/hr 
for iioriml operat ion i n  si imlnted h c t  lunar' surface conditions. This value in- 
crcnsed t o  192 €Xl!U/hr wheii the s u i t  r c l i c f  valve opened and further t o  211 
m:,kii- w i t 1 1  small tears i n  tlic tlicrnlal ganiient. 

3. ibhximm heat 1-eaks out of thc s u i t  i n  simulated dark space 
operation were 135 ITTU/hr. 

4. Con1,act w i t l i  n i rmln tec l  ho t  and co ld  spacecraft surfaced 
proclucccl no Elore :,litin ncgli(;ililc e f fcc ts  . 

5. {Qwniiig of l,nc siLi.1, re l ic i '  valve produces an abrupt increase 
i n  hca% tmnsf  e r  tIirou$1 t l  thermal garment. 

6.  :;imtlatcd tears through the thermal garment produced extreme 

"lie s u i t  1cal:nge during the tests was 40 t o  45 sccrn. 

teyiperature lcve ls  i n  thc arca of the tcars. 

7. Relief 
valve operation appeared t o  be nornnl. 

8 .  I Iebe t  visor temperature irieasurements indicate  t h a t  the c l ea r  
visor  w i l l  probably fog. 

9. The dacron thermal garment cover darkens after exposure t o  
the so la r .  No post-test  inspection of the  thermal garment insulation materials 
vas mde.  

5.2 R E  O?.ll@NDATIONS 

1. 
in t eg r i ty  of mj.lar f i l m  when the thermal garment cover exceeds 2 5 O O F .  

thermal dununy during future  tests. 

It is felt t h a t  an investigation is  warranted t o  determine the  

2. It i s  reconmended that  heated hands and feet  be f i t t e d  t o  the 

3. blore thermocouples should be placed inside the  s u i t  i n  areas 
where hot o r  cold spots m i & t  possibly ex is t .  

4. Worst anticipated conditions on the  lunar surface should be 

The qua l i ty  of the  tes t  data could be improved i f  a method of 
studied fur ther  and be t t e r  defined f o r  future Apollo EMU tests. 

cooling the dummy t o  body temperature were incorporated. 
Apollo s u i t  might solve t h i s  problem. 

5 .  
"he water-cooled 
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APPENDIX A 

The r a t e  a t  which energy is stored i n  or lost from 
the themral dunnuy is a function of the dummy weight, specific 
heat and rate of change of temperature. 
dumplTy is approximately 57 pounds as stated i n  Section 3.3.2.1 
where d q  construction details are described. Hawever, since 
the dumpqy has eight individual heater c i r cu i t s  located i n  the  
r igh t  and left; arms, upper and lower r ight  and lef t  legs, to rso  
and head, t he  w e i g h t  of these segments may be more significant if 
t he  whole dumDny does nut increase i n  temperature at  a uniform 
rate. The weights of the various dunmy segments are given i n  
Table A I. 

' - In these t e s t s  the  le f t  hand was removed t o  acccunodate 
t h e  instrumentation feed throughs. 

The heat capacity of the  dwlpny shell cam be detemined 
if  t h e  t o t a l  weight of fiberglass and copper comprising the  dunoqy 
s h e l l  are known, since t h e  t o t a l  weight of t he  d q  heated 
segments has been measured. 

glass  layer was given as 0.11 inches and the  inner layer as 
0.050 inches. 
fiberglass layers was given as 0.0312 inches. A s s u m i n g  a dunmTy 
surface area of 17 square feet (Reference 10 
0.061 l b s / d  (Reference U 
can be calculated as follows: 

The t o t a l  weight of the 

Im Section 3.3.2.1 the  thickness of t h e  outer fiber- 

!&e thickness of the copper layer between the  two 

) and density of 
) t h e  t o t a l  weight of t h e  fiberglass 

w??G = (17.0) (144) (0.160) (0.061) 

Where 

A = Total surface area of d m ,  ft2. 

x P Tutal thickness of both outer and 
inner layers of fiberglass, inches. 

')I I= Density of fiberglass perform mat and 
50$ polyester, lbs/in3 . 



E33cmxr WEIQIT, POUNDS 

Head 3 .25 

Torso 18.81 

R i g h t  Arm 4.00 

Lef t  Arm 4.00 

Upper R i g h t  k g  7.00 

mer R i g h t  k g  2.44 

Upper 3Lef't I eg  6.69 

Lower kf't Leg 2.44 - 
Total  Weight of Heated Segments 48.63 

Unheated r igh t  hand 1.25 

Unheated le f t  hand 1.25 

Unheated right f o o t  2.88 

Unheated le f t  foot  2.94 

T o t a l  Weight of Dunnqy 56.95 * 

W n u s  the Left Hand t h e  durrpqy total weight is  55.7 lbs .  
-The le f t  hand was not used. 
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The weight of copper can be calculated i n  the same =mer as 
f ollars : 

wcu = A X X  

P (17.0) (144) (0.0312) (0.318) wcu 
W, = 24.3 lbs. 

The t o t a l  weight of f iberglass and copper is then: 
f 

= 23.9+ 24.3 = 48.2 lbs .  WTota l  
This calculated weight of 48.2 lbs.  is 0.43 lbs. less 

than the  measured t o t a l  weight of the  heated segments (48.63 lbs) 
given i n  TableA I. This dif’ference is due mainly t o  variations i n  
thickness of the  fiberglass and copper layers wer the  surface 
of the  dunmy; therefore, the  t o t a l  weight of f iberg lass  and copper 
have been adjusted t o  24.12 and 24.52 lbs . ,  respectively, by equally 
d is t r ibu t ing  the  difference. 

calculated as follows: 
The heat capacity of the  laminate s h e l l  can now be ’ 

(WCP), = (24.32) (0.33) + (24.52 (0.10) 

(WCp)s = 7.95 + 2.45 

(WC,), = 10.4 Btu/?E’ 

Where 

(WC,), = Weight of dummy s h e l l  (Total weight of heated 
segments) times specif ic  heat at constant 
pressure of s h e l l  B t U  

= T o t a l  weight of f iberglass  times specif ic  heat 
at constant pressure of f iberglass ,  Btu/oE’. 

(WCp)m E Total weight of copper times specif ic  heat at  
constant pressure of copper, ~ tu /oF.  

OF 

The specific heat at constant pressure of t h e  lruninate s h e l l  

10.4 
is then calculated as follows: 

(w$) F6 -+ (wCp)cu = 
m Qs = 

W S  

ms P 0.214 Btu/lb OF 
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The heat capacity of each heated segment of the  dumplTy 
(head, torso, e tc . )  can now be determined by multiplying the  specif ic  
heat of t h e  s h e l l  by the  respective segment weight. 
which heat is stored or  lost  fo r  a segment is obtained by multiplying 
the heat capacity ( W 5 )  of the segment by the rate of change of the  
segment temperature. Assuming the  rubber hand and feet t o  have a 
specif ic  hea t  of 0.48 Btu/ IbOF, the  rate at  which heat is stored 
or  l o s t  for  t h e  hand and feet is calculated i n  t h e  same manner. 

culated as' follows : 

The rate at  

The t o t a l  heat capacity of the d m  can now be c a b  

Where 

(WCp)D = Total weight of dummy times specif ic  heat at 
constant pressure of dwraqy, B t u n  

( W C p ) p  T o t a l  w e i g h t  of right hand and feet t b s  
specif ic  heat at  constant pressure of 
rubber, Btu/% 

( W C p ) D  P (10.4) + 7.07(0.48) = l O e k 3 . 4  

( W C ~ ) ~  c 13.8 mu/% 
The effective specif ic  heat of t h e  dmqy (shell plus 

unheated hand and f e e t )  is  then 

The re su l t s  of these ca l cuh t ions  are presented i n  
Figure Alwhich shows the  rate at  which heat is  stored o r  l o s t  
for the  various segments and the  total dunnqy versus rate of temp- 
erature increase or decrease. 
i n  temperature at  different, rates then t h e  individual curves f o r  t h e  
head, torso, ,e tc .  can be used t o  determine the  rate at  which heat 
is stored or lost  f o r  each segment and the  t o t a l  rate of heat 
stored or l o s t  f o r  the  dummy can be obtained by adding the  individual 
quantit ies,  If the  whole dummy is  changing i n  temperature at a 
uniform rate, then the  total rate of heat stored or l o s t  fran 
t he  duxny can be read d i rec t ly  f ran the  upper curve. 

If the  heated segments are changing 
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hPPZ2DIX B 

ANALYSIS CJF 

ACTUAL AID SIIdULATED L U "  ETJVIORNMENTS 



This Appendix presents a discussion of the lunar thermal envlron- 
ment and its simulation during Ikpriments IIb and Ifc. 
presents a discussion, anelyeis and callbration of the lunar surface siwr- 
la tora  that were used t o  s.lmulate the moon's hot side environment. 
t i on  objectives are compared with the ac tua l  fluxes that were provided 
during the tests. 

This Appendix a l so  

Slmrlln- 

A bardware description of the lunar sina\lator was presented in 
-graph 3.3.2.3 of this report. 

DISCUSSION 

Actual Lunar Surface Environment 

Lunar surface temperatures during the lunar night are generaw 
conceded t o  be about -250%. For this condition, no s(nnht1on other than the 
cryogenic cold wall of the SES was required during experiments IIb and IIc. 
Lunar surface fluxes and temperatures during the lunar day are severely hi@ 
and reach a m~ucimum of the order of 25& near noon or  the subsolar point. 
It is the high noon or maximum f lux  environment that required construction of 
a lunar surface f lux  simulator f o r  Experiments IIb and IIc. 

!he design of the lunar eurface f lux  eimuLator f o r  Escperimente 
ITb and I I c  and the 8irmrLated flux values provided w e r e  baaed on the follow- 
ing values and aeeumptions: 

a. 

be 

C. 

d. 

e. 

f. 

The lunar albedo (reflected sunlight) is 7$ of the incident 
solar  (Ref etrence 14). 

Lunar surface conditione are those near lunar noon or  slibsolar 
point . 
Steady state o r  quasi-steady state temperatures. 
safely assumed because o f , t h e  moon's slow rotat ion and lack 
of an atmosphere. 

This can be 

The A p o l l o  R4U is standing or  upright. 

Reflection and emiselon by the lunar surface are diffUe. 

Incident solar f lux  I s  442 BTU/hr fL2 The variation from 
t h i 6  value is appmximateu 0.5$. 

For the nomlnaldesign condition it was assumed that  the A p o l l o  
ENU is stand- on a lunar plain or near* flat surface. 
lunar surface Irregularities le discussed later In this Appendix.) 

(The effects of 
Since 
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quasi-steady state conditions are assumed, an energy balance can be written 
fo r  the surface to determine the surface fluxes a t  noon. 

wherepa is the solar reflectance (albedo) and 8 is the sun's zenith 
angle (zero a t  the eubsolar point). The emissivity of the lunar surf'ace can 
be appmxlmated by the following equality. 

A maxiwnn lunar surf'ace temperature of 250% (the value most often quoted in 
the  l i t e r a tu re )  indicates by the above relationship that the m00n's surface 
emissivity is about 0.93, or  equal to i ts  solar absorptivity. 

The values of f lux Intercepted by an A p o l l o  EMJ standing on the 
lunar surface define the simulation objectives f o r  Experiments 1 3 3  and I Ic .  
Under the conditions described In  the preceding parasaph,  the lunar surface 
fluxes on the suit can be determined if  the geometry of the suit surfaces 
is described. 
or EMU to be approximeted by an equivalent right cylinder. 
f lux incident on the sides of the equivalent cyllnder is  

A quick apprwimetion can be arrived a t  by permitting the suit 
The lunar surface 

E % FA, BTU/hr f t O 2  

where FA is the configuration factor between the sides of the cylinder and 
the surrounding lunar plain expressed by the ordinary relationship: 

FA Jcos el Cos @2 d$urface 
fi r 2  

The value of FA between the sides of an equivalent cyliader and 
the  flat lunar surface l e  one half (0.50). Then the lunar surface f lux 
incident on the suit (approximated by a cylinderj a t  noon is 0.50(412)= 206 
m/hr ft .2  The actual  suit, however, is not of r e m  geometry. 
incident on the nmny di f ie ren t  orientations of the segments of the actual  
suit can be determined by using the general form factor  plot  presented by 
Figure 25 of this report. 

t i on  only. 
incident albedo plus d i rec t  solar. 
elemental area will be as fo lkwe:  

The f lux  

The preceding discussion Is concerned w i t h  lunar surface radla- 
The complete energy balance on 8 suit on the  moon includes 

The total Intercepted energy f o r  an 

gabsotbed = €E& t i a,S COS 9 
where 

= &@6iVity 
a, t solar absorptivity 

lunsr surface emitted energy 2 = lunar albedo 
FA = configuration factor between suit elemental mea and lunar 

rurface 
0 8 angle between suit surf'ace normal and B W ' B  rays. 



The foregoing heat balance is 
presented a t  the end of this Appendix and 

used t o  a r r ive  a t  the suummry 
in paragraph 3.6.2 of this report. 

Effects of Lunar Surface Roughness 

The true lunar surface is known to be punctuated by craters,  hl l l s ,  
mountains, etc. 
naut near a lunar hill or crater  wall was considered. 
of the h i l l  is  shown on Figure B1. 

To gain an estimate of their  effects, the case of an aetro- 
The assumed geometry 

To perform the analysis, the surface was divided in to  "nodes" as 
shown on Figure B 1  and a "rsdiosity" network established f o r  solution by 
Oppenheim's "radiosity" analog. 
and Drake (Reference 12) and Oppenhlm's analog is  discussed i n  Reference 13. 
A brief discussion of the various techniques of calculation of radiant Inter-  
change between surfaces wi l l  be found i n  Reference 14. 

Radiosity networks are discussed by Eckert 

For n surfaces receiving solar radiation d i rec t ly  and by reflec- 
t ions from each other, there are  two governing equations. 

where F is a vi- factor  and B is the  radiosity. The subscript s indicates 
solar radiation as distinct from infrared radiation. 
heat flux a t  the ith surface element which has an area Ais G and U are the  
emittance and absorptance, respectively. 6 is  the Stefan-Boltunarm constant z 
0.173 x 10-8 B!lV/hr-f@ OF4. For this analysis it was assumed that both solar 
absorptivity and infrared emittance were 0.93, or  ( 1  - .07). 
assumed tha t  there is  negligible heat t ransfer  by conduction Into the moon. 

represents the 

It was a lso  

For convenience the problem was solved i n  two steps. 
step was the determination of t he  amunt of direct  and reflected solar energy 
absorbed by each node. Since the  surface is  not black, there is some inter-  
re f lec t ion  between surfaces. To determine these effects a radiosity network 
is  shown in Figure B2. The amount of solar energy impinging on each surface 
is S cos q!~ where S is the solar irradiation constant, A is the area of the 
el&t am3 4 is the angle beCween the surface normal and the rays of the 
sun. The view of each surface to space is represented by a 1/FA res i s tor  t o  
a slnk which l e  assigned the value of 0%. 
amount of d i r ec t  and ref lected solar energy absorbed by the varioue nodes a l l  
surface node temperatures were set equal to zero and the network then solved 
by d ig i t a l  computer. 
net  solar energy absorbed by t ha t  surface. 

The first 

In  order t o  determine the net 

The resulting Q in any given surface r e s i s to r  was the 

The second s tep  in the eolution was the  solution of the same net- 
work ( I t  is the same only because a s a y  surface was assumed). The values of 
absorbed energy computed i n  the f i r s t  s tep were input t o  each surface node in 
this calculation. 
varioue sectiona by wing L!"e computer programed w i t h  the thermal analyzer 

The network was then solved fo r  the temperature of the 
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routine (Reference 15). 
the radiation emitted from each section was easily calcubted. 

Having determined the temperature prof i le  of the h i l l  

Final ly ,  t he  f lux  radiated from the hill to several  elements of 
surface area located as indicated i n  Figure B 1  was calculated. 
tesimal elements of area are oriented so that the i r  surface normals are per- 
pendicular to the normal t o  the lunar plane and perpendicular t o  the l i n e  of 
intersection between the  lunar plane and the lunar hill. 
were determined graphically. The f lux radiated onto these d i f f e ren t i a l  sur- 

These infini- 

The shape factors  

4 face elements is given by 
CQ; = acz 
A A ;  a 

where the subscript i refers t o  the infinltesirnal element area and the sub- 
sc r ip t  k refers to the sections of the h i l l  which see the element. 

Table B I  presents the results of the analysis of fluxes in the  
v ic in i ty  of the h i l l  or  c ra te r  w a l l .  on the moon. 
side of t h  suit faclng the hill will be subJected to fluxes of over 350 
BTU/hr ft.' This flux value can be contrasted with 206 BTU/hr f%.2 f o r  the 
same suit surfaces on a f lat  lunar plain. Both these numbers, however, are 
lunar surface radiation only and do not Include solar. 
both lunar surface radiation and solar radiation are given i n  the s~nnary a t  
the end of this Appendix. 

Table B I  shows that the 

The sum totals of 
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Flux radiated from lunar surface onto element of area dA which l e  
vertical and facing the hill. 

Position of 
Element dA - 

1 

2 

3 

4 

5 

6 

Position of 
Surface N o d e  

1 

2 

3 

4 

5 
6 

7 

(Reference Figure Bl). 

Flux Flux 
Sun Overhead Sun 300 From Overhead 
( BTU/FtzB ) (B!ru/Ft~ Hr) 

265 380 

283 387 

333 407 

274 345 

295 

320 

'pemp. 

( O F )  
Sun Overhead 

354 

363 

Temp. 
Sun 30° From Overhead 

(OF) 

249 

255 

270 

268 

253 

245 

238 



Analysis and Calibration of Lunar Simulators 

Lunar surface fluxes were simulated dur 
I I c  by a bank of infrared lamps around the test suit 7 Apollo W) plus a 
heated horizontal plate under the feet of the suit. 
described in paragraph 3,2.2,3. The geometry and dinaeneions of both the 
infrared Lamps and heated horizontal plate are given by Figures B3 through 
B6 of this Appendix. 

Experiments IIb and 

The simulators are 

The total heat f lux on the test EMU f r o m  the lunar elmulators 
was determined by calculating the flux from each of the two lunar sirnuletore 
and add- them, including the ref lect ion f r o m  the horizontal. 
the ve r t i ca l  sirmiLetor was evaluated by calculating the incident energy on a 
dA on the PbJ ha$ LI dZ on one of the columns, integrating fo r  the total for 
each of the columns, and suxning f o r  each of the sources seen. 
column behaves as a l i n e  source radiator,  the incident heat f lux  a t  a dA from 
a dZ of a lamp column is given by Reference 16 as :  

The flux from 

Since each 

(A list of symbols is presented as Table B - l l ;  also see Figure B3) 

Now noting t h a t :  

(3)  2 4+ e; cos / ? l=  cos +' cos o - s i n  3 sin e 

Substitution of the above into equation (1) and i n t e  gration yields the 
following: 

where Fi I s  defined by 

Since the power l a  equally distributed to all lamps, the  power, %, t o  each 
column is  l/l8th of the total, I+ 
each of the n vis ible  lamp yields: 

Substituting this f a c t  and slmnn.Ig fo r  

L 
ZF,  was evaluated for a ve r t i ca l  dA a t  several different  radii and elevations, 
The results are presented In Figures B7 and B8. 
w i t h  a calibrationmade w i t h  an Eppley calorimeter w i t h  a f u l l  hemisphere of 
view, 

The above resu l t s  were campared 

The comparison l e  presented in Figures B8 and Bg. 

128 



I 
1 
8 
I 
8 
I 
I 

N o  S C A L E  

2.2 I 

I 
VERT I CA 

E LE J A T i O d  V I E  ;t/ 
129 



P O S l T / O N  OF M O L L 0  EMU 0 
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SYMBOLS --_- 

A 

B f 
dA 

dQl 

dQi 

dZ 

E: 

Fi 

K6 

L 

n 

TABLE B I1 

LIST OF SYMBOLS 

DESCFUFTI ON 
2 Area - F t  

Radial distance from the  fh column of lamps t o  the dA, Ft.  

Infinitesimal elememt of area on the  A p o l l o  Ppi, F t  2 a 

Radiant energy incident on a point on the EMU from a point, 
dZj On the COlUmn Of -8, BTU/&’. 

Radiant heat flux incident on a point on the 9 from a 
point dA, on the  L f i  column of lamps , BTU/Rr. F t  

Infinitesimal length  of a column, Ft. 

Parer radiated by the i f h  column of lamps , KW 

Total power radiated by the ve r t i ca l  simulator, KW 

Form - factor  from the  Lamp t o  a po in t  on the PN dA, F t  2 

View factor  from area x t o  a point on the EMU, dA, (dimension- 
lese)  

Fraction of the heat f lux that incident on a ve r t i ca l  dA 
which is incident on &A at an angle 8. 

Height of t h e  ver t ical  simulator, Ft. 

Total number of visible lamps from a dA on the A p o l l a  PN 

Heat flw, BTU/Eh: Ft2 

The heat f lux  incident on a dA from the lamp, BTu/Er Ft2 

Total  heat f lux  incident on a dP on the  A p o l l o  EWJ from 
the  horizontal eimulator, BTU/ITr Ft2 

Total heat f lux  incident on a dA on the Apollo EMU from the 
lunar simulation, BTu/FIr Ft2 

Total  heat f lux  which i s  reflected off the horizontal 
simulator onto a dA on the Apollo PIN, B!CU/Hr Ft2 

Total  heat f lux  on a dA on the Apollo EMU fram the ver t ica l  
simulator, BTU/Ffr Ft2 
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SYMBOL 

T 

zi 

1 
Z 

01% 

Pi 

SUBSCKIFTS 

i 
U 

V 

W 

TABLE B 11 (Continued) 
DESCFUPTIOIO 

Temperature, OR 

Vertical distance from a dA on the EMU to a point on the 
C O l ~ m n  O f  lamps, Ft. 

Vertical distance from a dA on the R4U to the b o t t o m  of the 
ver t ica l  simulator, Ft. 

Vertical distance from a dA on the EMU to the  top of the 
ver t ica l  simulator, Ft .  

The grey body absorptance of surface X 

The angle of a l i n e  connecting dA and d Z  w i t h  the normal 
of dA in an elevation view. 

The angle of a l i n e  connected dA and dA with the normal of 
dA i n  a plane view. 

The grey body emittance of eurface X. 

The angle of a dA w i t h  the vertical .  

The Stefan-Bolt..nmum constant, 0.173 x loo8 BTu/& Ft2 OR4 

The -le of a l i n e  connect@ dA and dZ with the normal of 
d Z  in  an elevation view. 

One of the 18 columns of lamps. 

The t o t a l  horizontal 8hulator. 

The outer unanodized aluminum portion of the horizontal 
simulator. 

The inner black anodized alrnnininn portion of the horizontal 
einuikitor. 
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Since EYgures B7 and B8 demonatrate that the heat flux on a 
vaFticaldA doer not vary greatly for  radii l eas  than 15 incherr an8 elava- 
t i o m  within 15 incher of the mid-plane, the heat flux on a non-vertlcaldA 
may be calculated for  thlr region by assuming that it is a conatant, depending 
on the -le (e) of the dA With the v e r t i c a l ,  tim4e the value of the heat 
f lux f o r  a v e r t i c a l  dA, i .e.:  

ICe was evalw~ted a t  the v e r t i c a l  mid-plane and a radlue of 9 inches; the 
reeul t r  are preeented in Figure B10. 

The heat f lux  fram the horizontal rhulator was calculated by 
computing the f lux  a t  a dA on the EXU iroar a flat plate cons l e tkg  of two 
regions with d i f fe ren t  amittancee. The 4x0 regions are an outer region of 
bare alwnintm (surface v) and an Inner region of black anodized alumlnun 
(eurface w; surface u I eurface v + eurfece w). From Reference 16 the heat 
f lux  a t  a dA from the horizontal simulator l e  given by: 

But, since the horizontal e(rmrlnt.n is aseumed to  be ieothermaland 

The view factore F and F to several points on the DN w e r e  
evaluated by using IiTV*e conrpder progra&& with the CONFAC I routine 
(Ref'erencc 17). !Che total flux on the Apollo EMU from the horizontal  
elmulator wae than calculated for  a 250% surface temperature and the results 
are presented on Figuree 26, 2'7 and 28, paragraph 3.6.2. 

The heat f lux which is reflected from the horizontal elmulator 
me calculated by first evaluating the average f lux incident on the horizon- 
ta l  simulator. 
simulator were: 

!he reeul te  for  an Indicated power of 14.3 I(w t o  the ve r t i ca l  

(lla) : 167 BTU/FIr-Ft2 

(m) 2 103 B T V / I ~ . - F ~ ~  

The amount of this f lux  which is reflected to a dA on t he  R4U I s  given by 
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!be total heat flux from all lunar siaulatlon I s  the sun of 
vert lcs l ,  horizontal, and reflected fluxor, 1.6. : 

(14) q ( W  = q&d + ep(H) + ey(R) 

The above equation vas evaluated fo r  the inaicated 

lator. 

SmJfAFa 

er of 14.3 gW to the 
ver t ica l  simulator and a surface temperature of 25 or on the horizontal s a -  

The resul ts  are presented in Figures 26, = and 28, paragraph 3.6.2. 

S h u l a t e d  lunar surface fluxes provided during Bcperiments I I b  

These figures show good 
and I I c  are campared with true lunar eurf'ace fluxes f o r  the nominal caae 
( s u i t  on a lunar plain) on Figures 26, 27 and 28. 
agreement between t e s t  flux values and simulation objectives. 

(solar plue lunar surface radiation) and the two lunar surface environments 
discussed i n  this Appendix (lunar plain and near a crater  wall). 
concluded that the total t e s t  enviroxmmnt was mre severe than the nnmlnal 
lunar envlmnmsnt and probably less sewere than a true lunar worst case when 
considering the effects of lunar surface irregularities. 

Figure 11 presents a comparison of the t o t a l  test environment 

It is 
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I .  

I. 

In t h i s  test ,  the  most s ignif icant  sources of 
possible temperature measurement e r rors  w e r e  : 

a )  Copper-Constantan w i r e .  
b)  Reference junction. 

Recording system. 
Millivolt-temperature conversion . 
Thermocouple attachment methods. 

The contribution of each of these e r ro r s  and the total  

Copper-Constantan Wire: 
measurement system accuracy is discussed below: 

constantan thermocouple w i r e ,  used i n  t h i s  test, was specified by 
the manuf‘acturer t o  be It1 1/2OF i n  the  range from -75% t o  &009 
and i n  the  range f r a n  -1509 t o  -759. The thermoelectric 
power of copper-constantan w i r e  is 16 microvolts/* at  -1509, 
18 microvolts/* at -75%, and 26 microvolts/% at  +200%. 
it can be seen that the magnitude of t h e  voltage e r rors  corres- 
ponding t o  the  temperature errors  a t  -150%’, -759, and i200?F’ 
are dt8 microvolts, 327 microvolts, and It39 microvolts, respectively. 
These voltage e r rors  consti tute the  contribution of the test  
thermocouple w i r e  t o  the  overal l  e r ror  i n  temperature measurement 
over the ranges specified. 

1509 reference junctior, (Pace m o d e l  HRJRl3A-48TP) u t i l i z e s  cali- 
brated p r e m i u m  thermocouple w i r e  accurate t o  i-0.20F and fur ther  
specifies that the temperature of the junction i s  maintained a t  
150% f 0.25%. 

The thermoelectric parer of copper-constantan w i r e  is 
25 microvolts/% at +1500~. 

Thus, the t o t a l  KMS voltage e r ror  of the  reference 
junction can 

k(p + 6.258) 112 = lt8 microvolts 

This voltage e r ror  is constant over t h e  entire range 

The accuracy of the copper- 

Thus 

Reference Junction Errors: The manufacturer of the  

calcula ed t o  be: 

of temperatures measured and consti tutes t he  contribution of the 
reference junction t o  the overall  e r ro r  i n  temperature measurement. 

(cubic m o d e l  A-85) used in  the  recording system specif ies  t he  
f ollating: 

Recorder Errors: The manufacturer of t h e  preamplifier 

- cain accuracy: iO.olqd of sett ing.  - Gain s tab i l i ty :  iO.Olqd of setting. - Linearity (a-c): i0.01$ of sett ing.  - Noise level: 52 microvolts referred t o  input. - D r i f t :  32 microvolts per 500 hours of operation at  
constant ambient temperature, referred t o  input. 

lb3 



The Illanufacturer of the  d ig i ta l  voltmeter (cubic 
m o d e l  VR-7W) states that the  accuracy of the voltmeter iEI 
LOl$ of reading +1 dig i t .  

ing system t o  the overall e r ror  in the temperature measurement. 
These figures const i tute  the  contribution of t he  record- 

- .  

Millivolt-Temperature Conversion Errors : 
of t he  recordiw smtem is a record 0;p t he  voltage analogue of 

The output 

temperature. 
temperature by reference t o  stsndard NBS voltage-temperature 
tables.  
accmplished by an IEM 7 0 9  c@er at the NASA Manned Space- 
craFt; Center at Hauston, Texas. 
canputer are such that the  voltage - temperature conversion w a s  
accomplished w i t h  no loss  of accuracy, as far a s  a print-& record 
of each temperature f o r  s m  voltage reading is concerned. 

However, there  was scme additional l o s s  in accuracy in  
the temperature VS. time p lo ts  produced by the  autanat ic  p la t t ing  
system u t i l i z ing  t h e  caaputer data. 
accuracy was due t o  the plot t ing system accuracy of &0.02* and 
the scale resolution of each plot. 
scale  resolution of each plot  is a function of t he  miximum and 
minimum temperatures appearing on t h e  plot.  Thus, in general, 
each plot  w i l l  have a different scale resolution and it is im- 
possible t o  s t a t e  an overall  accuracy figure f o r  a l l  plots.  

Thi ivol tage  analogue must then be converted t o  

This phase of t he  data  reduction f o r  t h i s  test was 

The accuracy capabi l i t i es  of t h i s  

This addi t ional  loss i n  

I n  t h i s  p l a t t i ng  system, the 

- 
Thermocouple Attachment Methods: 
Total Measurement System Accuracy: 

See A p p e n d i x  D. 
I n  the  previous 

discussions of each source of measurement error ,  it was sham that 
the magnitude of sane errors  was constant while the magnitudes 
of others varied over the  range of temperature measureXent, f o r  
t h i s  reason, t h e  total measurement system accuracy at  three 
different  tempeijatures w i l l  be calculated. 
a r e  -150%’, -75 F, and +200%’. 
t i c u l a r  temperatures is that t h e  e r ror  of t he  test  thermocouple 
w i r e  is specified at  these points, and, as w i l l  be sham later, the 
thermocouple wire e r ror  is the  most s ignif icant  e r ro r  i n  the  
measurement system. 

Since it is highly improbabb that a l l  sources of 
measurement e r ro r  would be maximum and of the same effect ive 
polar i ty  a t  the  t lm of aqy part icular  measurement, an RMS sum- 
m i n g  procedure w i l l  be used. 

The total measurement system accuracy at  -1509 w i l l  
be calculated first . 

A t  -1509, t he  e r ror  due t o  the thermocouple w i r e  
is of -150?F, or  k39.  The thermoelectric parer  of copper- 
ConstaJTban wire at  -150aF,ie 16:M+~rovolts/%’. 

The three temperatures 
The significance of these par- 

Thus the  voltage 
e r ror  of the thermocouple w i r e  is kk8 

The e r ro r  due t o  reference 
The e r r o r  due t o  the  noise 

is 32 micrwolts.  
The er ror  due t o  the drift  

32 microvolts . 
The errors due t o  the gain 

microvolts . 
junction i s  &3 microvolts. 
l eve l  of t h e  preamplifier 

i n  t he  preamplifier is 

accuracy, gain s t ab i l i t y ,  



and gain l i nea r i ty  of the preamplifier are each specified t o  be 
S . O l $  of the gain setting. 
fwrction of the  gain setting and a l so  the  input voltage. 
gain setting of the preamplifier was 1OOO. 
-1509, as specified by standard NBS Tables, is -6.091 mill ivolts.  
Thus, the  output e r ro r  voltage of each of the  three e r rors  is: 

Thus, these three e r ro r s  are a 
The 

The input voltage at 

+( .01$)(1~)(-6.091)  = k0.6091 mi l l ivo l t s  

When t h i s  e r ro r  voltage is adjusted f o r  t he  gain f a c t a ?  of 1O00, 
the  resul t ing equivalent e r ro r  is 40.0006 mil l ivo l t s ,  or a . 6  
microvolts, f o r  each e r ro r .  The RMS sum of these three er rors  
is then: 

+ (0.62 + 0.62 + 0.62) 5: k1.4 microvolts 

The error due t o  the digital voltmeter is specified 
t o  be kO.Ol$ of reading +1 dig i t .  
operated on the  full scale range of 99.99 volts.  
ing  on t h e  voltmeter should be +.09 volts.  
the f ac t s  that t h e  thermocouple output voltage a t  -1504 is 
-6.091millivolts, and t h a t  t h i s  voltage was sent  through an 
anplifier w i t h  a gain of 1OOO. 
S.Olqd  of reading results i n  an er ror  of k.0006 volts.  
e r ro r  is adjusted fo r  the gain fac tor  of 1000, t h e  resul t ing 
equivalent e r ror  i s  s . 6  microvolts. 

an indicated e r ro r  of N.01 volts.  

The digi ta l  voltmeter was 
Thus, the read- 

This f o l l  s fran 

mus, t h e  percentage e r ro r  of 
When t h i s  

The +1 digi t  error i n  the  digi ta l  voltmeter r e su l t s  i n  
When t h i s  e r r o r  is awusted 

f o r  the gain fac tor  of 1000, the  
is 10 microvolts. 

The t o t a l  measurement 
calculated by taking the  €@E sum 
results i n  a voltage e r r o r  of: 

4€12 + 82 + p2 + 22 

resul t ing equivalent e r ro r  

system voltage accuracy is  then 
of each of the errors.  This 

+ 1.42 + 0.62 + 1#)1/2= 249.8 
microvolts 

The equivalent e r ro r  i n  9 is calculated by: 

k49.8 microvolts/l6 microvolts/% = k3.119 a t  - 150’ F. 

Observation of t he  calculation of t he  accuracy figure 
f o r  -1503F reveals t h a t  the only signif icant  e r ro r s  involved are 
the e r rors  due t o  the thermocouple w i r e ,  the  reference junction, 
and the +1 digit  e r ro r  i n  the  digi ta l  voltmeter. This is due t o  
the  relative xmgnitudes of the  errors and t h e  nature of the RMS 
summing procedure. For t h i s  reason, only the three s ignif icant  
e r ro r s  previously mentioned w i l l  be used t o  calculate  t h e  measure- 
m e n t  system accuracies at -75% and %&?. 

accuracy of +1-1/29. 
microvolts/?. 
a t  t h i s  temperature is k27 microvolts. 

microvolts. 

A t  -759, the  thermocouple w i r e  has a specified 
The thermoelectric parer at  -759 1s 18 

Thus t h e  voltage e r ror  of the  thermocouple w i r e  

The voltage error of t h e  reference junation is 



11. 

The voltage e r r o r  of t he  dig i ta l  voltmeter is  &lo 

The FMS sum of these e r rors  is: 
microvolts 

f (2y2 + 82 + 102 ) = * 29.9 mic rwol t s  

The equivalent e r r o r  i n  9 is  then: 

e9.9 rnicrovolts/lB microvolts/* P +l.GG°F at -75%. 

At S O O ~ ,  the  thennocouple w i r e  has a specif ied 
accuracy of t1-1/29. 
26 microvolts/*. 
w i r e  a t  this temperature is 1.39 microvolts. 

mie tliermoelectric parer at  eoOoF is 
Thus the voltage e r ro r  of t he  thennocouple 

The voltage error of the rcfcrcnce d u d i o n  is 

The voltage e r ro r  of the d ig i t a l  voltmeter is +lo 

The RMS sum of these er rors  is: 

microvolts 

microvolt8 . 
5 ( 3 9  + 82 + 102) 112 = 241.1 microvolts 

Tlie equivalent e r ro r  i n  %’ is  thcn: 

+41.1 microvolts/2bmicrovolts/OF = fl. 53% at + 200%’. 
I n  sunrmary then, it can be otated t h a t  the  t o t a l  

k 3.11%’ R.m -150% t o  -75% 

temperature measurement; system accuracies over t h e  specif ied 
ranges are: 

k l.Ub0F f h m  -m? t o  &OO% 

The s u i t  i n l e t  gas pressure, helmet preosure and thc  
pressure drop across t h e  s u i t  ( i n l e t  t o  ou t le t  pressurej  were measured 
by a system of pressure sensors described i n  p a r q m p h  3.4.1. 
following e r ro r  analysis of these measurements i s  based on &ta frm 
t h e  mnnufacturer of the  sensors and recorders. 

pressure drop accuracies ( i n  percent of f u l l  s ca l e )  are the  8- 
since the sensor accuracies and method of readout are kbntical. 
A root-mean-square sum of the  performance c ln rac t e r i e t i c s  of t he  
sensors is given and then combined w i t h  the  recorder accuracy. 
The manufacturer specif ied the  following: 

The 

The s u i t  helmet pressure, s u i t  i n l e t  pressure, and s u i t  

Maximum canbined non- 
l i n e a r i t y  and hyster ises  

Repeatabil i ty 0.10$ rn 

.‘(5% FS (FM~ Scale) 
* 

Temperature Drift 2% FS/lOO% 



III. 

Temperature effect  on 1% FS/lOO* 
sens i t i v i ty  

When the  operating temperature is within 20oF of the  
ca l ibra t ion  temperature (approximtely 75?F), t h e  FfMS sum of t h e  
percentage e r rors  of the sensors is: 

The 
ion of Oe$ of 
scale 

The 
e r ro r s  is: 

I 

(0.1$)2 + (0.4$)2 + (0.2%) 2 p 2  = s.88qd of full 
scale  

s t r i p  chart recorders provide a scale reading resolut-  
fu l l  scale and a scale  l i n e a r i t y  of 0.25% of f'ull 

RMS sum of t h e  sensor and s t r i p  char t  recorder 

f ((0.88$)2 + (0.5$)2 + (0.25$)2) = +l.&$ of f u l l  scale  

Full scale  reading of t h e  s u i t  i n l e t  and helmet pressure 
measurements is 10 psia. Thus, the  absolute accuracy of those 
measurements is 40.104 psia .  

ment is + 0.25 psid. 
ment is s.0026 psid. 

F u l l  scale reading of t h e  s u i t  pressure drop m e a s u r e -  
Thus, the  absolute accuracy of t h i s  measure- 

SUTr GAS m w  AccuRAm 

The C o x  model 12 volume flow meter has a manufacturer's 
stated accuracy of +1% of indicated flaw of air  at  standard conditions 
of 70% and 14.7 psia. 
f l o w  meter scale  readings since t h e  f l o w  meter was not operated 
under standard conditions. 
t h e  ACFM fran the indicated f lat  on t he  gauge are: 

Correction fac tors  must be applied t o  the  

The corrections necessary t o  compute 

ACFM = (Gauge Reading) 1 Pn/P vT/T, 

Where: P, = 14.7 psia  
\m 

P = operating pressure 

= specif ic  gravity of air = 1 P P = specif ic  gravi ty  of w g e n  = 1.10 

To = 530° R 

T L temperature of flowing gas i n  41 
The major errors i n  the  calculation of ACEM ire due 

t o  the  e r rors  contributed by the  flow meter and t h e  mercury 
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Iv. 

mananeter used t o  measure pressure at the flow meter. The r a t i o  
of the  specific grav i t ies  of air  and oxygen should not contribute 
any signif icant  e r ro r  since the  value of these two quant i t ies  is 
known t o  a much higher accuracy than the  other measurements. Due 
t o  the magnitude of t he  absolute temperatures involved and the  
high absolute accuracy of the Brown Recarder, t h e  relative error 
contributed by the temperature measurement is considered t o  be 
negligible . 
t o  t h e  e m  in the  canputed value of ACEM are made by t he  f l o w  
meter and the mercury manometer. 

flow. The resolution of the  mercury manometer s ca l e  is a . 5  
inches which is equivalent t o  S.0245 psi .  
pressure of 3.7 psia, the relative e r r o r  of the  mercury manumeter 

Thus, it can be seen that t h e  s ign i f icant  contributions 

The f lanneter  has a re l a t ive  e r ro r  of *l$ of indicated 

!I~.I.s, at the nolninal s u i t  

is a.662$. 
These er rors  produce a t o t a l W  error in t h e  cal- 

culation of ACEM of: 

f + (0.662$/2) 2] ’I2 =21.05$ of indicated c 
f l o w  at 3.7 psia. 

Flow measurements made at higher s u i t  pressures, such 
as during s u i t  relief valve checks, would r e su l t  i n  a smaller 
relative error  since the  relative e r ro r  of t h e  Mercury mancmeter 
reading w o u l d  decrease wi th  an increase in pressure. 

SUIT LEAKAGE ACCURACY 

Suit leakage was monitored by means of a Hastings 
Raydist U-lOOO, 0-lo00 SCCM, mss f l o w  meter. The manufacturer 
states d 2 $  l i n e a r i t y  over a pressure range f’ran .01 psia  t o  250 
psia  and f o r  gas temperatures up t o  200%’. Measurement repeata- 
b i l i t y  is stated at kl$. The meter sca le  resolut ion is  *l$. 

The lU4S sum of these er rors  is then: 

of full scale indication which is lo00 SCCM. 
er ror  in the  s u i t  leakage measurement is f24.5 SCCM. 

Thus, t h e  absolute 

SOUND IXVEL ACCURACY 

N o  statement of the sound l eve l  measurement accuracy 
can be made since there was no precise ca l ibra t ion  made on the 
recording system. No quantit ive r e su l t s  w e r e  required. 

T 
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APPENDIX D 

ERROR IIIUUYSIS OF PWMCCOUPLE ATTACHMENT TECKNIQUES 

The objective of the thermocouple attachment test was t o  determine 
the e f fec ts  of the so la r  lamps on the temperatures indicated by thermocouples 
used t o  measure the exter ior  surface temperature of the Apollo thermal garment. 

During Experiments 11-b and 11-c a thermocouple test panel was 
mounted i n  the SES test chamber as shown by Figures D 1  and D2. 
40-gage capper-constantan test thermocouples were mounted on the test panel 
by various techniques. 
were recorded on the same d i g i t a l  voltmeter recording system used t o  record 
the s u i t  temperatures. 
mounting method and t e s t  conditions. 

Eighteen 

The temperatures indicated by the  test  thermocouples 

These temperatures were then compared with respect t o  

TEST PANEL DESCRIPTION 

The t e s t  panel was constructed as  shown i n  Figure D3. The various 
The 

Figure I$+ a l so  shows the location of the t e s t  thermocouples on the 

layers were cemented together with Dow Corning No. 271 si l icone adhesive. 
l e f t  half of the HT-1 nylon was cemented t o  the aluminum p la t e  as shown i n  
Figure 04. 
panel. 
tes t  thermocouples. 

Table D I is a description of the various methods used t o  mount the 

DATA PRESENTATION 

Temperature data a t  three test  conditions a re  presented i n  two 
forms. 
t i on  of the same data shown as a function of thermocouple location on the 
tes t  panel. 

Table D I1 is a tabular presentation vhi le  Figure D5 i s  a presenta- 

The three test conditions are a t  or near the end of re la t ive ly  
long test points which would tend to  provide steady s t a t e  temperature con- 
di t ions.  The t e s t  conditions a re  as follows: 

(1) Cold Soak: A t  end of Tes t  Point No. 6, Experiment 11-c. 
T e s t  Point duration, 4 hours and 23 minutes. 

( 2 )  Lunar Simulator On: A t  end of Test Point No. 1, Experiment 
11-b. Test Point duration, 2 hours and 32 minutes. 

( 3 )  Lunar Simulator and Solar Lamps On: 
of Test Point No. 2, Experiment 11-b. 
3 hours and 19 minutes. 
analysis was 3 hours and 9 minutes. 

Ten minutes before end 
T e s t  Poiqt duraction, 

Time of temperature data f o r  t h i s  
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Therinocouple 
Numbers 

1, 2,  3, 4 

5 and 10 

11 and 16 

7 and 8 

13 and 14 

9 

15 

6 

12 

17 

18 

blountiilg Method 

Reference thermocouples, laminated between nylon fi lms 
i n  in t e r io r  of panel. (See Figures and ). 

Painted w i t h  Finch Paint Co., "Cat-A-Lac", f l a t  white 
paint, woven i n t o  EIT-1 nylon with bead stuck t o  back 
s ide  of nylon with Eastman 910 on glued s ide  of panel. 

Same as No. 5 and No. 10 except mounted on unglued s ide  
of panel. 

Unpainted, woven i n t o  I-IT-1 nylon with bead stuck t o  back 
s ide  of nylon with Eastman 9lO on glued s ide  of panel. 

Same as No. 7 and No, 8 except mounted on unglued side 
of panel. 

PainteC w i t h  "Cat-A-Lac" paint,  unwoven, with bead stuck 
on back side of HT-1 nylon with Eastman 910 on glued s ide  
of panel. 

Same as No. 9 except mounted on unglued s ide  of panel. 

Unpainted, unwoven, with Sead stuck on back s ide  of HT-1 
nylon with Eastman 9 l O  on glued s ide  of panel. 

Same as No. 6 except mounted on unglued s ide  of panel. 

Painted w i t h  "Cat-A-Lac" paint,  with bead stuck on f ron t  
s ide  of HT-1 nylon with Eastman 910. 

Same as No. 17 except mounted on unglued s ide  of panel. 
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TABLE DII 
"EST T H W M D C O W  -"UIES 

AT THREE TSST CONDITIONS 

lImm4D.I 
COUPLE 
No* 

1 

LWAR 
1 D W  C O D  LUNAR 

CHA14wEL -, m, SOLAR 
110, c1, op ON, 9 

97 -95 38 125 19 217 90 
1 

2 I I 98 -94.23 

3 I 99 -94.23 

4 100 -90.24 

I 
t 

5 101 -101 75 1 
6 102 -100.00 

7 103 -95 96 

8 104 -101 75 

9 105 -123 75 

10 106 -135 43 

11 107 -150.60 

I 2  108 -149 96 

13 109 -144.22 

14 , 110 , -137.92 , 

1% 

124.77 216.37 

123 094 214 . 07 
123 52 212 53 

127.28 223.25 

126.86 219.43 

125.19 217.52 

125.19 223.25 

129 37 231.23 

126.86 229 71 

121.00 206.74 

123.52 211 . 37 
122.26 216 . 37 
122.68 1 208.29 , 

15 

16 

17 

18 

111 -144.22 122.26 212.91 

ll2 -130.48 121.00 218.28 

113 -101 75 126.45 I 221.72 
1 

114 -148.04 121.00 211.37 
I 



(A) TWT CONDITION: COLD SOAK 

(B) TEST CONDITION: LUNAR ON 

(C) TEST CONDITION: LUNAR ARD SOLAR ON 

FIGIRE is 
TEST !FDUXRATURES SAM0 As E A T E D  ON TEST PANEL 

lKXl%: IVuuber in parenthesis is thermocouple number. 



The complete time his tory of the test  thermocouples f o r  a l l  t e s t  
The d i g i t a l  volt-  points i s  shown i n  Appendix G (Plotted Temperature Data). 

meter channel numbers corresponding t o  the test  thermocouple numbers a re  shown 
as  a par t  of Table D 11. 

ANALYSIS OF RESULTS 

Comparison of the temperature readings of the various thermocouples 
should, ideally, be made a t  steady s t a t e  temperature conditions. However, only 
one of the test  conditions examined was a t  a condition approaching steady s t a t e .  
This was Test Point No. 1, Experiment 11-b (lunar simulator on). The tempera- 
ture versus time plots  of the t e s t  thermocouples show tha t  the t e s t  panel ten- 
peratures had not s tabi l ized cornpletely a t  the end of this  test  point. 
other two t e s t  conditions, while even longer than Test Point No. 1, Experiment 
11-b show even more pronounced t ransient  character is t ics .  However, no other 
tes t  points providing more favorable conditions were available.  The t e s t  
points chosen were the most favorable considering the requirements of the 
presence or absence of solar  or lunar simulation and time duration. 

The 

A s  shown i n  Figure D3, the reference thermocoilples, numbers 1, 2, 
3 and 4 a re  mounted between th in  aluminum sheets. 
except numbers 17 and 18, a re  located on the back si6e of the HT-1 nylon. 
Thernocouple numbers 17 and 1s a re  mounted on the f ront  side ui' the HT-1 nylon. 

A l l  other thermocouples, 

The cold soak conUtion, as shovn i n  Table D I1 and Figure D5, i s  
presented i n  order t o  provide information on the teaperature indications dur- 
ing cold soak with no possible error  due t o  incidnet radiant energy. 
va l id i ty  of these tenperatures is compromised due t o  the f a c t  that the tem- 
peratures had not s tab i l ized  which indicates t ha t  temperature gradients existed 
within the t e s t  panel. 

The 

Figure D5 and Table D I1 a l s o  show temperatures during the t e s t  
condition of lunar surface simulation. Reference t o  the temperature plots  i n  
iippendix G shows tha t  these temperatures a re  near steady s t a t e .  Some rise i n  
temperature is  indicated but the r a t e  of increase i s  s l igh t .  The tenperatures 
on the panel shov a s ignif icant  difference between the glued and unglued s ide 
of the panel. 
difference when compared among themselves. That is, any par t icular  tempera- 
tu re  on the Glued s ide shows no s ignif icant  difference from any other tempera- 
ture  on the glued side. 41~0, any par t icular  temperature on the unglued s ide  
shows no significant difference from any other temperature on the unglued side.  
It should be mentioned t h a t  the radiant energy source, during t h i s  test  con- 
dit ion,  was the infrared lamps of the lunar surface simulator which emit 
energy i n  the long wavelength region of the infrared spectrum. 

IIowever, the tewera tures  on each side show no s ignif icant  

The th i rd  t e s t  condition examined was a condition with both lunar 
The temperature data surface simulation (infrared lamps) and solar  lamps on. 

were taken from the next-to-the-last data point i n  Test Point No. 2, Experi- 
ment 11-b which was 10 minutes from the end of the test  point. "his data 
point was used instead of the l a s t  data point because the l a s t  data point 
had a "no reading" fo r  one of the test thermocouples. 
a re  shown i n  Figure D5 and Table D 11. 
Appendix G (Plotted Temperature Data) f o r  t h i s  t e s t  point reveals t h a t  the 

The t e s t  temperatures 
Reference t o  the plot ted data i n  
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t e s t  panel had not yet temperature s tabi l ized.  
tu re  a t  the end of the test  point, while not severe, may be of suf f ic ien t  
mgnitude t o  affect the comparison of the t e s t  temperatures. 

The r a t e  of change of tempera- 

A l l  of the  temperatures on the glued s ide of the panel show good 
agreement except two, thermocouple numbers 9 and 10. 
read s ignif icant ly  higher than the reference thermocouples and the other 
thermocouples on the glued side of the panel. 
difference between the temperature indication of thermocouple numbers 5 and 10. 
These two thermocouples were mounted by the same method. 

Both these thermocouples 

There i s  a l so  a s ignif icant  

On the unglued side of the panel, the most s ignif icant  differences 
a r e  between thermocouples tha t  are  mounted by the same method. Thermocouple 
number 11 is  s ignif icant ly  different frorri thermocouple number 16. These two 
therrnocouples a re  mounted i n  the same manner. The same s i tua t ion  ex is t s  for 
thermocouple numbers 13 and 14. 
mounted thermocouples a re  greater than the differences between the t e s t  thermo- 
couples and the reference thermocouples. 
perature of thermocouple numbers 17 (glued) and 18 (unglued), which a re  mounted 
on the outside of the HT-1 nylon, where the e f fec t  of the solar  lamps should 
be greatest ,  show good agreement with the reference thermocouples on t h e i r  
respective s ide on the panel. A s  expected, therniocouple number 17, on the 
glued side, indicates s l i g h t l y  higher than i ts  referenze thermocouples. How- 
ever, thermocouple nuiber 18, on the unglued side, while s t i l l  i n  good agree- 
ment, reads s l igh t ly  lower than i t s  reference thermocou.ples. 

These differences between the ident ical ly  

It i s  a l so  noted here tha t  the t e m -  

co~Lus IoNs  

1. 
ment. 

Eastman 9lO cement is not a good cement f o r  thermocouple attach- 
The 9lO cement on the t e s t  panel turned dark under solar  i r radiat ion.  

2. Differences i n  t e s t  thermocouple readings were greatest during 
cold soak a t  very low temperatures. 
one or all of the following: 

The differences could a r i s e  from any 

( a )  The emissivity of darkened cements was higher than the KT-1 
material, causing loca l  cemented areas t o  become colder; 

( b )  The t e s t  panel was not a t  steady s t a t e  conditions; 

(c )  The panel may not have been perfectly adiabatic (zero net 
heat  transfer) i n  the direction normal t o  the panel surface. 

3.  
was exposed t o  infrared heat only. 
the cements, paints and the HT-1. 

Best agreement between a l l  thermocouples was noted when the panel 
For t h i s  condition, CY/c = 1.0 fo r  a l l  

4. 
couple readings from their nearest reference temperature was abort 12aF. 

5 .  
ments on the Apollo EMU thermal garment since none of the test thermocouples 
were attached ident ical ly  t o  those on the EMU. They were, however, similar.  

Vnder solar  irradiation, the greatest  variation i n  test thermo- 

The conclusions noted above a re  not en t i re ly  applicable t o  measure- 

159 



6. 
woven i n t o  the KC-1 with the bead stuck t o  the back s ide  of the IIT-1 and 
without Eastman 910 cement. 

B e s t  overall agreement was obtained from thermocouples that were 

7. 
rnents a re :  

Estimated overall accuracy of Apollo EMU thermal garment measure- 

( a )  Cold soak conditions: +_15OF 

( b )  Exposure t o  infrared radiation: &3?F 

( c )  mosure t o  2 ~ 2  solar radiat ion:  i6oF 
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EXPERIMENT 11-a 

Test Day No. 1 

SIMULi'm DEZP SPACE ~ V M 1 C U L A . R  OPERATION 

Note: Data analysis indicates that channels 
97, 99, 100, 101, 102, 103, and 104 
are unreliable for Test h y  1. Data 
f o r  Test Day 2 should be used where 
applicable. 

16 2 
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E3tpERIMENT 11-c 

LUNAR SIMJIATION 

VERTICAL TEAR IN RIGHT U G  

"V'l TEAR SN LEFl LEG 

Note: Test Points 3 and 5 were tenninated 
early due t o  excessively high 
temperatures on the  pressure su i t .  
The temperature data that was taken 
f o r  Test Point 3 are present a t  the 
first of test point 4. The &own 
recorder data for Test Point 5 ,  are 
presented as Test Point 5 ,  but the  
Digi ta l  Voltmeter data are presented 
at  the  start of Test Point 6. 
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APPENDIX F 

MEASURED PRESSURE AND 

U S  FLUJRATE DATA 

EXPERIMENPS IIa, IIb, and IIc 
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*.e t a b l e s  of t h i s  uppendix prcsen', pressure and. s u i t  gas flow- 
r a t c  &ita measured du.ring Ua.rperi;.icn-Ls 11-a, 11-b and. 11-c . 

Table 3 I: Ionizatioil gav.~c I cxilre!:imts of pressures ex terna l  
t o  and near the  suit ylus  bet-,Jeen t h e  YG'i m C  thcrrml Garment. 

Table F 11: EI4U s u i t  ;as (GQ) f l o w a t e  &ta. 

Table F 111: Record of e lec t r ica l .  pomr t o  the thermal dumny 
during Experiment 11-a, Day No. 1, Test Point !To. 1. 
t o  the  dumy hea ters  a t  any other  tirie durinf; the  t e s t s .  

Power vas not supplied 

Table F IS: Record af suit id& pressure, pressure ii-i the  
he lne t  and pressure d i f f e r e n t i a l  be-heen the s u i t  i n l e t  and o u t l e t .  
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1730 
Start 
le00 
1830 

lgoo 

1930 
2000 

2030 
2100 

2130 

2200 

2230 

2300 

2330 

1 

1 (-3) 
I1 a 
1 (-3) 
9 (-4) 
9 (-4) 

1 (-31 
9 (-4) 

8 (-4) 
8 (-4) 
8 (-4) 
8 (-4) 
8 (-4) 
8 (-41 
8 (-4) 

page 1 of 2 

0100 

9130 
0200 

0230 
0100 
0330 
0400 

0430 

OS00 

- 
P-3 

Qi 
$9 - 

2'(-5: 

2 (-51 
2 ( - 5 ;  

L. 5( -5:  
L.7(-5_1 
3 (-4; 

L. 5( - 5 )  
L. 5( -5: 
L. 5( -5: 
L.4(-5: 
L. 3( -5; 
L. 5( -5:  
L.3( -5;  
~ . 2 (  -5; 
L. 5( -5: 
L.5( -5; 

- 

- - 
~.6(-5] 
t.6( -5: 
L.7(-fil 
2 (-51 
2 ( - 5 ;  
L.9(-5] 
L.8( -5) 
t08(-A 

- 

8 (-4) 
8 (-4) 
8 (-4) 
g (-4) 
1 (-7) 
1 (-3 
1 (-3) 
1 (-3) 
1 (-1) 

P-4 

s8 - 
5 (-4) 

* (x) denotes le, i.e., 1.5 (-2) = 1.5 x 

3Lo 

REMARKS 

1-4 Fluctuating 

P-4 steady 



I @  
I 
1 
I 
I 
I 
I 
I 
I 
I 
1 
1 
I 
I 
I 
I 
I 
I 
I 

PT 1 

SUIT EXTERNAL PRESSURE SCAN 
APOLLO EXlBAW3HICULAR MOBILITY UNIT 

EXPERIMENT IIa, DAY NO. 1 
DATE: 1-6-65 and 1-7-65 

(PRESSURE - IIUII ~ g ) *  

Page 2 of 2 

REMARKS 



TABU FI (CONT'D) 
SUIT EXTERNAL PRESSURE SCAN 

APOLLO EXTRAVEHICULAR MOBILITY UNIT 
EXPERIMENT IIa, DAY NO. 2 
DATE: 1-7-65 and 1-8-65 

(Pressure - 
Page 1 of 2 

I 

p-6 I 
I 

3 (-2)  3.5 ( - 4  
3 (-5)  
4 (-5) 5 (-3) 

4.5(-3 
4 ( - 3 )  
3 (-3) 
3 (-3) 
3 (-3) 

3.3(-5) 
2 5( -5) 

4 (-3) 
4 (-3) 

3 ( -5)  4 ( - 3 )  . 

3 4 - 5 1  
4 . a  -5) 
4 . u  - 5 )  

Rotated 180° - No changz 
Noted, P-5 monitored. 2 ( -3)  

5 ( -3)  4.5(-5) 
4.5(-5) 
4.5( -5) 

90' rotat ion 5 (-3) 
7 (-3) 

5 (-3) 4 - ( - 5 )  7.3(-5) * 5 (-3) 4.5(-5) 7.5(-5) 
5 (-5) 

4.5( -5) 
4 4  -5) 
4.7(-5) 1 0800 I 3 ( -3)  

it (x) denotes 1 x 10-2 
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I @  
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I 

0830 
0 8 5 0  

0 9 0  

09 7 0  

0948 
0950 

1000 

. 1030 

1105 
1130 

1100 

TABJS FI (CONT'D) 
SUIT EXTERNAL PRESSURE SCAN 

APOLLO EXIRAVEHICULAR MOBILITY UNIT 
EXPERIMENT IIa, DAY NO. 2 
DATE: 1-7-65  and 1 - 8 - 6 5  

(Pressure - m g ) *  

T 
1 

3 (-3) 5 (-31 
3 ( -3)  5 (-3: 

- 5 ( -3 )  
3 ( - 3 )  5 ( -3 )  
2 ( - 3 1  5 (-3 
2 (-3) 5 (-31 
2 (-3) 5 (-31 
2 ( - 3 )  5 (-3; 
2 (-3) - 
2 ( - 3 )  5 (-3) 

I 

~ 

5 ( - 5 7 9  ( - 5 )  5 ( - 5 )  
4 . N - 5 :  9 ( - 5 )  4 4 - 5 1  

$4 -5:5.5(-5) 5 ( - 5 )  

4.3(-5L 5 ( -5) 4 ( - 5 )  

b.8( -5)15.5( -5) 4.8 ( - 5  

3.6( -5  4.6( -5) .2 ( - 5 '  
&j 

I 

* (x) denotes ldr, i . e . ,  1.5 ( -2 )  = 1.5 x 10 -2 

31r 3 

~~ 

P-6 

4 (-3) 

Page 2 of 2 

REMARKS , 

Rotate s u i t  90° - Pres: 
Hot Space Craft 
Against Suit 

h-ior t o  turning sui t  
After turning s u i t  

Prior t o  touch by S/C 

Turned 180' (now facirq 
back wall) Laxps off, 
s u i t  circulation - 0 



 mu; E'I (COIIT'D) 
SUIT EXTERNAL PRESSURE SCAN 

APOLLO EXTRAVEHICULAR MOBILITY UNIT 
EXPERIMENT I1 b 
DATE: 1-21-65 

(PRESSURE - IJIIII m)* 

* (x) denotes 1@, i.e., 1.5 (-2) = 1.5 x 10 -* 
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TABU FI (COTJCLUDLB) 

RPOLLO EX'IRAVEHICULAR MOBILITY UNIT 
EXPERIMENT I I c  

SUIT EXTERNAL PRESSURE SCAN 

DATE : 3. -37 -65 
(PRESSURE - a)* 

I I I 

0835 I 2 (-2)1 2 (-3)( l (-21 

1250 8 (-3) 
- 355 8 (-3) 

1100 8 1-31 
- 1305 8 (-3) 

1 8 (-3) 
8 (-3) 
8 (-3) 
8 (-3) 

3 (-1) 8 (-34 

I 

. 

3 (-1) 1.4(-1d 
7.5(-2) l.l(-li 
7.5( -2) 1.1( -1i 

1355 
1400 

1430 
1500 
1600 
1630 
1700 
17 30 
1800 

2030 

* (x) denotes lox, i.e., 1.5 (-2) = 

1 1 

7.5( -2) 1.1( -1) 
7 (-2) 1.1(-1) 

1 1 1 
1.5 x io -2 



8 
h 

1800 
1830 

2130 

2200 

2300 
2330 

2400 

0030 

0100 

01 30 
0200 

02 30 

0300 

0330 

0400 

0430 
- 
0500 

0530 
0545 
0600 
0630 

0700 

TABLi: F I I  
SUIT FLOW SYSTEM 

A P O U  EXTRAVEHICULAR MOBILITY UNIT 
EXPERIMENT IIa 

TEST DAY NO. 1 WTE: 1-6-65 and 17-65 

ROTAMETER ROTAMETER 

3L6 

-- 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I .  
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

TABLE FII (CONT'D) 
SUIT F L O W  SYSTEM 

APOLLO EXTFUlVEHICULAR MOBILITY UNIT 
EXPERIMENT IIa 

TEST DAY No. 2 DATE: 1-7-65 and 1-8-65 

~ ~ 

0530 3.68 76 5.16 

0600 3.68 76.5 5.17 
0630 3.68 76,5 5-16 

0545 3.68 76 5.17 
w 

0700 3.68 77.1 5.17 
0730 3-70 77 5.17 
0800 3.70 78 5.17 
0830 3.70 79 5.17 
0850 3.71 79 5.19 
0900 3-70 79 5.17 

Rutameter 

~ . .  . 

[ 1100 13.71 I 79.6 15.12 

3L 7 



0100 - 
0130 
0200 

0230 
0250 

TidLL PI1  (CONT'D) 
SUIT FLOW SYSTEM 

APOLU) EXTRAVEHICULAR MOBILITY UNIT 
EXPERIMENT IIb 

DATE: 1-21-65 and 1-22-65 

I I I I 1 I I 1 I I 1 

1730 I 3.721 79.41 5.751 I 1 I 1 I I 

3L8 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I '  
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 ' /  

I 
I 
I 
I 
I 

TABLE F I I  ( C O ~ J C ~ E D )  

SUIT FLOW SYSTEM 
APOLIX, EXTRAVEHICULAR MOBILITY UNIT 

EXPERIMENT IIC DATE: 1-27-65 

ROTAMETER 



T:!BLIt: FIII 
DUMMY AND PUS HEATER POwElR 

APOLIQ EXTRAVEHICULAR MOBILITY UNIT 
EXPERIMENT NO. IIa, TEST DAY NO. 1 
TEST POINT NO. 1 DATE: 1-6-65 

POWER - WATTS 

2 

i' 
No. : 
a 
10 
11 

12 
12 
12 

I 2  
12 

12 

12 

7 

4 

3 
2.! 
- 

2 

8 1  
4 

1.3 50.1 
1.3 48.1 
1.3 46.t 
1.3 43.6 

1.3 41.1 

- 
1.3 41.1 

+ I 

. I  
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I 
I 
1 
I 



I .  
I 
1 
I 
I 
I 
I 

TllBLE FIV 

S W  PRFSSWIE DN'A FOR 
EXPERIMEDIS IIa, I D  AND IIc 

11-a, Day No. 1 

H e l m e t  Suit-In P 
(psia) Jpsia) (ps id )  

Max. 4.60 4.80 . 090 

Nm. 3.65 3 .BO .o7G 

Min . 2.95 3-55 . 069 

11-a, Day No. 2 

Max. 3.90 3.95 .080 

Nm. 3.75 3.80 .a0 

Min. 3.30 3 .'72 075 

11-b, Test Points 1 thru 7 
(No Sui t  Overpressure Applied) 

M3.X. 3 *70 3 074 103 

Nom. 3.55 3 070 098 

Min . 3.50 3.60 a5 

I 
I 
I 
I 
I 
I 

11-b, Test Points 8 and 9 
(Sui t  Overpressure Applied, Relief Valve P a r t i a l l y  Open) 

Max. 5.50 5 .G3 .I48 

Min . 5.18 5.40 e I21 

11-c - 
(No Overpressure Applied, Relief Valve Closed) 

14aX . 3 075 3.80 .a0 

Nan.  3.65 3.76 . 078 

Min . 3.53 3.73 075 



TAI3J.E FIV (CONCLUDED) 

Suit Pressure Data For 
m r i m e n t s  11-a, b, C. (cont'd) 

IIelmet Suit -In P 
Ipsia) (psia) (psia) 

rr-- 
AA-L - 

(Overpressure Applied, Relief Valve Par t i a l ly  Open) 

Max. 5.35 5.74 . 113 

NCHIl. 5.35 5.60 .113 

Min . 5 031 5 .@ . n o  
11-c - 

(Overpressure Applied, Relief Valve Open) 

l&.x . 5.35 5 -72 072 

Ram . 5 025 5-68 .oG9 

blin . 5.10 5.52 .069 

11-c - 
(No Overpressure Applied, Relief Valve Closed) 

Max. 3.4s 3 072 113 

Nm. 3.55 3 072 . 111 
Min . 3 035 3 071 . 102 

. I  
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
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